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ABSTRACT 


The  “Truck  in  the  Park”  project  is  a jointly  funded  research  project  which  demonstrates 
the  benefits  of  using  biodiesel  in  a tourism  related  industry.  The  National  Park  Ser\'ice  (NPS) 
has  operated  a truck  in  Yellowstone  National  Park  (YNP)  for  149,408  km  (92,838  miles)  on  100 
percent  biodiesel  fuel  produced  by  the  University  of  Idaho.  The  main  focus  of  the  project  was  to 
demonstrate  the  reliability,  benefits,  and  costs  of  using  biodiesel  to  NPS,  tourism  operators,  and 
potential  fuel  producers.  Participants  in  this  project  included  the  Montana  Department  of 
Environmental  Quality  (DEQ),  Wyoming  Department  of  Commerce,  NPS,  Department  of 
Energy’s  Pacific  Northwest  and  Alaska  Regional  Biomass  Energy  Program,  Koch  Agri-Serv'ices, 
J.R.  Simplot  Company,  Dodge  Truck,  Cummins  Engine  Company  and  their  Intermountain 
Distributors,  Western  States  Caterpillar,  University  of  California  at  Davis,  and  the  University  of 
Idaho. 

This  is  the  final  technical  report  for  the  Truck-in-the-Park  project.  It  details  the  fuel 
production  and  quality  control,  engine  performance  and  durability,  and  engine  emissions  tests 
performed  on  the  test  vehicle. 

The  test  vehicle  was  a 1995  Dodge  2500  four-wheel  drive  pickup  with  a 5.9  liter 
Cummins  B series,  turbocharged,  and  intercooled,  direct  injected  diesel  engine.  NTS  operated  the 
truck  in  Yellowstone  National  Park  for  149,408  km  (92,838  miles).  The  engine  examination  at 
92,838  miles,  was  done  to  evaluate  impacts  on  emissions  resulting  from  the  fuel  because  the 
miles  completed  was  much  less  than  the  life  to  overhaul  this  engine.  The  truck  ran  on  a Canola 
Ethyl  Ester  (CEE)  and  Rapeseed  Ethyl  Ester  (REE)  biodiesel  made  with  ethanol  from  waste 
potatoes.  The  fuel  w'as  delivered  to  NPS  in  lots  of  about  3000-3800  liters  (800-1000  gallons) 
and  stored  in  a 37,850  liter  (10,000  gallon)  storage  tank  at  Yellowstone  National  Park.  A total  of 
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23  076  liters  (6,096  gallons)  of  fuel  was  delivered  over  the  course  of  the  project.  Each  batch  of 
fuel  delivered  to  the  Park  Service  was  analyzed  by  the  University  of  Idaho  for  quality  and 
consistency. 

Chassis  dynamometer  tests  were  performed  at  regular  inter\'als  on  the  truck.  These  tests 
showed  that  the  vehicle  did  not  experience  a reduction  in  power  over  time.  Oil  analysis, 
compression,  injector  tests,  and  engine  and  fuel  pump  teardown  inspections  also  indicate  that  the 
engine  did  not  experience  excessive  wear  or  deterioration  as  a result  of  using  the  biodiesel  as  a 
fuel.  The  durability  was  considered  equivalent  or  better  than  that  normally  achieved  with 
conventional  2-D  diesel  fuel. 

The  truck  was  emissions  tested  at  the  Los  Angeles  Metropolitan  Transit  Authority 
Emissions  Testing  Facility  at  the  beginning  ( March  1995)  and  end  (May  1998)  of  the  project. 
Results  from  these  tests  indicated  HC  and  CO  decreased  and  PM  increased  as  the  percentage  of 
Rapeseed  Ethel  Ester  biodiesel  was  increased.  NOx  generally  decreased  as  the  percentage  of 
REE  was  increased.  Fuel  consumption  for  the  same  amount  of  work  increased  by  14  percent 
from  1995  to  1998.  The  increase  in  fuel  consumption  was  consistent  with  the  increase  of  C02 
emissions  between  1995  and  1998  for  the  same  fuels.  Cold  start  data  were  limited,  but  they  show 
that  HC,  CO,  and  PM  increased  more  for  cold  starts  with  2-D  diesel  fuel  than  for  cold  starts  with 
REE  compared  to  hot  starts  with  the  same  fuel.  Results  show  that  nearly  161,000  km  (100,000 
miles)  of  use  with  100  percent  CEE  did  not  affect  the  efficiency  of  the  catalytic  converter. 
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1 INTRODUCTION 


Each  year,  about  3 million  people  visit  Yellowstone  National  Park  (YNP).  Over 
900,000  automobiles  bum  thousands  of  gallons  of  fuel  and  produce  tons  of  air  pollutants 
inside  the  park.  With  visitation  increasing  steadily  over  the  last  several  decades,  the  National 
Park  Service  (NPS)  is  concerned  about  the  increased  vehicular  congestion  and  the  threat  of 
increased  pollution.  NPS  is  exploring  ways  to  protect  the  pristine  environment  of  YNP  from 
the  increase  in  vehicle  pollution  while  not  detracting  from  the  visitor’s  experience.  Limiting 
the  amount  of  people  allowed  to  visit  the  park  is  a possible  solution,  but  it  is  not  a popular 
one. 

As  a result,  NPS  is  exploring  the  use  of  high  occupancy  vehicles  such  as  busses,  and 
reducing  the  amount  of  pollution  produced  by  each  vehicle.  Biodiesel  has  been  proposed  as 
the  fuel  for  these  high  capacity  vehicles  because  it  reduces  harmful  air  emissions,  has  a less 
noxious  smell  than  diesel,  and  is  readily  biodegradable  in  the  event  of  a spill.  In  addition, 

1 00  percent  biodiesel  is  safer  to  handle,  having  a higher  flash  point  than  diesel  and  lower 
toxicity.  Montana  Department  of  Environmental  Quality  initiated  this  project,  called  “Tmck- 
in-the-Park,”  to  demonstrate  the  viability  of  biodiesel  in  tourism  related  industries  such  as 
those  found  at  YNP. 

1.1  Project  Overview 

The  Tmck-in-the-Park  project  is  a jointly  funded  research  project  which  demonstrates 
the  benefits  of  the  use  of  biodiesel  in  tourism  related  industries.  Participants  include 

• Montana  Department  of  Environmental  Quality; 

• National  Park  Service; 
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• United  States  Department  of  Energy,  Regional  Biomass  Energy  Program; 

• Wyoming  Department  of  Commerce  Energy  Office 

• Dodge  Truck,  a division  of  the  Chiy^sler  Corporation; 

• Koch  Agri-Services  of  Great  Falls,  Montana; 

• Cummins  Engine  Co.  and  Cummins  Intermountain  Distributors; 

• Western  States  Caterpillar; 

• J.R.  Simplot  Company; 

• University  of  California,  Davis; 

• and  the  University  of  Idaho. 

NPS  operated  the  truck  in  Yellowstone  for  149,408  km  (92,838  miles)  on  100  percent 
canola  and  rapeseed  ethyl  ester  (CEE  and  REE)  Biodiesel  fuel  produced  by  the  University  of 
Idaho.  The  majority  of  the  on-road  fuel  used  was  from  off-grade  canola  oil.  This  oil  was 
obtained  from  Koch  Industries,  Great  Falls,  Montana,  and  processed  by  the  Biological  and 
Agricultural  Engineering  Department  at  the  University  of  Idaho.  The  fuel  used  initially  and 
during  the  emissions  tests  was  rapeseed  ethyl  ester.  The  main  focus  of  the  project  is  to 
demonstrate  to  NPS,  tourism  operations,  and  potential  fuel  producers,  the  reliability,  benefits, 
and  costs  of  using  biodiesel  in  their  vehicle  operations  in  Yellowstone. 

1.2  Test  Vehicle 

The  vehicle  used  for  this  test  was  a 1995  Dodge  2500  4-wheel-drive  pickup  truck 
equipped  with  a Cummins  B 5.9L  turbo-charged  and  direct-injected  diesel  engine.  The  truck 
was  donated  for  use  in  the  project  by  the  Chrysler  Corporation.  The  truck  was  operated  for 
149,408  km  (92,838  miles)  by  NPS  personnel  stationed  at  the  Mammoth  Hot  Springs 


Maintenance  Center  in  Yellowstone.  The  maintenance  personnel  at  Yellowstone  provided 
for  general  maintenance,  fueling,  and  the  truck’s  daily  operations  and  reports. 

Since  fuel  was  only  available  at  two  locations  (the  Yellowstone  National  Park 
maintenance  garage  at  Mammoth  Hot  Springs  and  the  University  of  Idaho  in  Moscow, 

Idaho),  an  in-bed  slip  tank  of  100  gallon  capacity,  later  increased  to  300  gallons,  was  added 
by  the  NFS.  The  vehicle  was  ordered  with  the  standard  winterization  package  for  federal 
fleets  that  included  low  temperature  engine  coolant,  engine  block  heater,  and  batter  heaters. 

In  addition,  an  external  (electric,  magnetic)  fuel  tank  heater,  and  a heating  loop  to  the  slip 
tank  using  engine  coolant  were  added  by  NTS. 

The  truck  was  parked  in  a garage  at  night  or  plugged  into  an  outlet  when  temperatures 
dropped  below  -6.7  C (20  F)  (Haines  and  Evanoff,  1998). 

The  other  vehicle  modifications  included  the  addition  of  three-way  valves  in  the  fuel 
lines  for  switching  fuels  during  emissions  testing,  special  lettering  describing  the  biodiesel 
fuel  and  the  project  sponsors,  a canopy,  and  running  boards  with  splash  guards. 

1.3  Fuel  Production  and  Quality  Assurance 

The  fuel  used  for  most  of  the  truck’s  operation  was  Canola  Ethyl  Ester  (CEE)  which 
was  produced  from  off-spec  canola  supplied  by  Koch  Agri-Services  of  Great  Falls,  Montana. 
Some  initial  fuel  and  all  fuel  for  the  emissions  tests  was  made  from  rapeseed  oil.  The  CEE 
was  esterified  with  fuel-grade  ethanol  provided  by  the  J.R.  Simplot  Company  of  Caldwell, 
Idaho,  with  potassium  hydroxide  (KOH)  used  as  a catalyst.  The  fuel  was  delivered  in  seven 
3000-3800  liter  (800-900  gallon)  lots  to  Mammoth  Hot  Springs  where  it  was  stored  in  a 
37,850  liter  (10,000  gallon)  tank  provided  by  NPS.  The  University  of  Idaho  performed  detail 
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fuel  analysis  on  each  lot  of  fuel  delivered.  Details  about  the  fuel  quality,  quantity,  deliver)’, 
and  production  can  be  found  in  Chapter  3,  Fuel  Production  and  Quality  Assurance. 

1.4  Engine  Performance  Testing 

The  truck  was  performance  tested  a total  of  four  times  using  a SuperFlow  SF-601 
Chassis  Dynamometer  at  Western  States  Caterpillar  of  Spokane,  Washington,  and  one  time  at 
Tractor  and  Equipment  (T  & E)  of  Billings,  Montana,  with  similar  equipment.  The  condition 
of  the  cylinder  bore,  injector  coking,  injector  pressures,  and  engine  compression  were  also 
measured  at  the  dynamometer  test  interv’al.  Results  of  the  performance  and  engine  tests  are 
detailed  in  Chapter  4,  Engine  Performance  Testing. 

1.5  Engine  Durability 

Engine  durability  was  qualitatively  examined  by  looking  at  several  parameters.  An 
engine  oil  sample  was  taken  at  each  oil  change  interval  and  sent  to  Chevron  Lube  Watch  for 
analysis.  At  the  end  of  the  project,  the  engine  w'as  removed  by  Cummins  Intermountain 
Distributor  in  Pocatello,  Idaho,  and  disassembled  for  inspection.  The  engine  was  then 
transported  to  the  University  of  Idaho  for  detailed  measurements  of  the  internal  engine  parts. 
The  fuel  injection  pump  was  removed  from  the  engine  and  sent  to  Bosch  for  detailed 
examination.  Despite  low  mileage,  these  data  collectively  give  a good  indication  of  the 
fuel’s  impact  on  this  engine’s  durability.  The  oil  analysis,  engine  teardown  analysis,  internal 
engine  component  measurements,  and  fuel  pump  evaluation  are  presented  in  Chapter  5, 
Engine  Durability. 
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1.6  Engine  Emissions 


The  truck  was  emissions  tested  at  the  Los  Angeles  Metropolitan  Transit  Authority’s 
(L.AMTA)  Emissions  Testing  Facility  (ETF)  using  the  EPA  Driving  Schedule  for  Heavy- 
Duty  Vehicles.  The  vehicle  was  tested  at  5,955  km  (3,700  mi.)  in  1995  and  again  at  139,466 
km  (86,660  mi.)  in  1998.  Fuels  tested  during  each  emissions  test  included  100  percent 
Rapeseed  Ethyl  Ester  (REE),  lOOjiercent  Diesel  control  fuel,  20  percent  REE/80  percent 
Diesel,  50  percent  REE/50  percent  Diesel.  Emissions  data  collected  included  hydrocarbons 
(HC),  carbon  monoxide  (CO),  oxides  of  nitrogen  (NOx),  carbon  dioxide  (CO2),  and 
particulate  matter  (PM).  The  vehicle  was  tested  with  and  without  the  original  equipment 
catalytic  converter.  Comparisons  between  the  1995  and  1998  tests  as  well  as  with  and 
without  the  catalytic  converter  are  made  and  statistically  analyzed.  The  details  of  the 
emissions  testing  can  be  found  in  Chapter  6,  Engine  Emissions. 

In  summary,  this  is  the  final  technical  report  for  the  Truck-in-the-Park  project  by  the 
University  of  Idaho,  Department  of  Biological  and  Agricultural  Engineering.  This  report 
details  the  fuel  production  and  quality  control,  engine  performance  and  durability,  and  engine 
emissions  tests  performed  on  the  Truck-in-the-Park  test  vehicle.  It  does  not  include  results  of 
the  emissions  toxicity  tests  which  are  to  be  reported  separately  by  the  University  of 
California,  Davis. 
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2 LITERATURE  REVIEW 

The  literature  summarized  in  the  topics  below  are  a brief  survey  of  the  typical  works 
done  in  each  field.  For  a more  comprehensive  review  of  current  research  in  the  area  of 
biodiesel  fuels,  see  Tyson,  et  al.  (1997).  Peterson  and  Reece  (1996)  give  a detailed  over\'iew 
of  chassis  dynamometer  and  emissions  tests  with  biodiesel  fuels,  and  Zhang,  et  al.(1998) 
outline  the  current  literature  in  the-area  of  biodegradability.  It  is  not  the  intention  of  the 
author  to  reproduce  those  reviews  in  this  report. 

2.1  The  Diesel  Engine 

The  modem  compression  ignition  internal  combustion  engine  was  patented  by  Rudolf 
Diesel  in  1892  and  a working  prototype  was  built  in  1893.  Originally,  Diesel  proposed  the 
use  of  pulverized  coal  as  a fuel  source,  (Stone,  1992).  The  use  of  coal  as  a diesel  engine  fuel 
was  never  fully  realized,  but  he  reportedly  demonstrated  his  diesel  engine  at  the  1900  World 
Exposition  m Paris  running  on  raw  peanut  oil.  Thus,  the  vision  of  using  vegetable  oil  fuels  in 
diesel  engines  is  not  a new  concept. 

2.2  Early  Work  - Raw  Vegetable  Oils 

WTien  vegetable  oils  were  first  seriously  considered  as  petroleum  diesel  replacements 
or  extenders,  raw  vegetable  oils  used  either  neat  or  in  blends  were  examined.  Schlick,  et  al. 
(1986)  report  one  such  attempt  at  using  raw  soybean  and  sunflower  oil  in  a 25  percent  blend 
with  petroleum  diesel  fuel.  While  the  fuel  performed  satisfactorily,  there  were  significant 
deposits  on  all  combustion  chamber  parts  at  only  200  hours  operation. 


6 


Many  different  kinds  of  raw  vegetable  oils  have  been  used  by  various  researchers. 
.\kor,  et  al.  (1983)  used  raw  and  esterified  palm  oil  in  diesel  engines.  They  found  that  the 
high  viscosity  of  the  raw  oils  caused  problems  with  fuel  atomization  and  fuel  flow.  They 
also  noted  lower  efficiencies  with  palm  oil  compared  to  petroleum  diesel. 

Wagner  (1984)  looked  at  engine  deposits  and  durability  of  Wisconsin  WD2-1000 
l.OL  direct  injected  engines  fueled  with  blends  of  raw  rapeseed  oil  and  safflower  oil.  His 
tests  were  performed  at  the  University  of  Idaho’s  long  term  engine  testing  facility  running  the 
Engine  Manufacturer’s  Association  (EMA)  200  hour  test.  Even  at  a blend  level  of  50  percent 
with  diesel,  he  observ'ed  significant  carbon  deposits  on  all  combustion  chamber  components, 
including  heavy  coking  of  the  injector  tips  and  ring  sticking  for  the  vegetable  oil  fueled 
engines.  Based  on  his  short  term  testing  and  teardown  observations,  he  concluded  that 
engine  life  would  be  drastically  reduced  for  the  engines  fueled  with  the  raw  vegetable  oil 
blends. 

Van  Der  Walt  and  Hugo  (1982)  looked  at  direct  injection  diesel  engines  fueled  with 
sunflower  oil  and  ways  to  prevent  deposits  on  injector  tips.  Like  other  researchers,  they 
experienced  extensive  coking  of  the  injector  tip  due  to  polymerization  of  the  oil  at  high 
temperatures.  Their  research  examined  ways  to  reduce  coking  by  various  engine 
modifications  such  as  cooling  the  injector  tip,  retracting  the  injector  from  the  combustion 
chamber,  and  heat  shielding.  They  were  unsuccessful  in  reducing  the  amount  of  coking  of 
the  injector  with  an  engine  fueled  with  raw  sunflower  oil. 

These  experiences  are  typical  of  those  running  raw  vegetable  oils  in  compression 
Ignition  engines.  In  general,  most  researchers  concluded  that  raw,  unmodified  vegetable  oils 
are  not  suitable  for  direct  use  in  diesel  engines  due  to  excessive  engine  deposits,  injector 
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coking,  poor  fuel  injector  spray  patterns,  and  flow  problems  due  to  the  ver\'  high  viscosity. 
However,  the  use  of  raw  vegetable  oil  may  be  feasible  in  blends  of  20  percent  or  less  with 
pre-combustion  chamber  engines  (Reece  and  Peterson,  1995). 

2.3  Transesterified  oils 

After  it  was  realized  that  raw  oils  were  not  suitable  for  use  in  unmodified  diesel 
engines,  the  process  of  transesterification  was  examined  to  bring  the  raw  oil’s  physical 
properties  closer  to  those  of  2-D  diesel  fuel.  Transesterification  is  the  process  of  displacing 
the  glycerol  from  fats,  usually  with  an  alkaline  catalyst  in  the  presence  of  an  alcohol  such  as 
ethanol  or  methanol.  The  resulting  product  of  this  process  is  called  an  ester  (Swem,  1979). 
The  generally  accepted  name  for  a vegetable  oil  ester  used  as  a diesel  fuel  replacement  is 
“biodiesel.” 

Biodiesel  has  some  advantages  over  raw  vegetable  oils  for  use  as  a diesel  fuel 
substitute.  Biodiesel  has  a viscosity  about  a factor  of  ten  less  than  raw  oils  which  makes 
them  about  twice  the  viscosity  of  diesel  fuel.  Because  they  have  a viscosity  much  closer  to 
diesel  fuel,  biodiesel  tends  to  behave  more  like  diesel  fuel  when  sprayed  from  a diesel 
injector  nozzle.  Biodiesel  still  has  some  mild  operational  issues  which  can  cause  undesirable 
operation  in  some  engines  or  environments.  Pour  points  and  cloud  points  are  much  higher 
than  diesel  fuels  which  can  cause  filter  plugging  and  operational  difficulties  in  colder 
climates.  Biodiesel  also  tends  to  have  lower  gross  heating  values,  about  1 1 percent  less  than 
diesel,  but  a greater  density  than  diesel,  which  tends  to  counteract  the  effects  of  the  lower 
energy  content.  On  the  positive  side,  biodiesel  has  a higher  cetane  rating  than  diesel.  It  also 
has  a much  higher  flash  point  making  it  safer  to  handle,  (Peterson,  1986). 
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2.4  Engine  Durabilit)'  and  Long  Term  Testing 


Engine  manufacturers  are  naturally  concerned  with  how  vegetable  oil  based  fuels  will 
affect  their  engine’s  operational  lifetime  and  emissions.  Shafer  (1994)  of  Mercedes-Benz 
reported  problems  with  certain  engine  components  and  fluids  subjected  to  long  term 
exposure  or  use  of  vegetable  oil  methyl  esters.  These  problems  included  engine  oil 
breakdown,  oil  dilution,  and  rubber  degradation.  Problems  such  as  inlet  valve  and  injector 
nozzle  coking  appeared  when  esters  of  insufficient  quality  were  used.  Goyal  (1994)  echoed 
these  concerns  as  they  relate  to  John  Deere  engines  and  warranty  coverage  when  using 
biodiesel  fuels. 

As  a result  of  these  concerns,  most  diesel  engine  manufacturers  either  will  not  warranty 
engines  fueled  with  biodiesel  or  specify  very  strict  parameters  on  the  fuel  properties  to  ensure 
biodiesel  fuel  of  the  highest  quality  is  used.  A recent  joint  statement  from  the  Diesel  Fuel 
Injection  Equipment  (FIE)  manufacturers  details  their  concern.  They  cite  the  need  for  quality 
biodiesel  fuel  and  the  importance  of  a uniform  standard  and  testing  protocol.  They 
concluded  by  issuing  a position  statement  that  the  use  of  biodiesel  in  blends  in  excess  of  5 
percent  (vol)  will  result  in  the  nullification  of  the  warranty  on  their  fuel  system  components 
(FIE,  1998). 

2.4.1  EMA  tests 

The  Engine  Manufacturers  Association  (EMA)  has  devised  a 200-hour  testing 
protocol  for  screening  diesel  engines  fueled  with  alternative  fuels.  The  test  is  designed  to 
show  engine  durability  problems  in  a relatively  short  period  of  time  and  allows  assessment  of 
the  potential  impacts  of  these  fuels  on  durability  (EMA,  1982). 
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Perkins,  et  al.  (1991)  ran  a 1,000-hour  test  on  three  Yanmar  engines  fueled  in  turn  with  100 
percent  RME,  50  percent  RME  blended  with  diesel,  and  100  percent  diesel  control  fuel.  The 
1,000-hour  test  was  composed  of  five  back-to-back  200-hour  EMA  tests.  They  found  that 
the  RME  performed  similar  to  diesel  with  respect  to  engine  wear  and  long  term  performance. 
However,  it  was  noted  that  a slight  decrease  in  engine  oil  viscosity  was  experienced  with  the 
ester  fuel. 

Peterson,  et  al.  (1997)  ran  a similar  1,000-hour  test  with  various  blends  of 
Hydrogenated  Soybean  Ethyl  Ester  (HySEE)  biodiesel.  The  blends  tested  were  100  percent 
HySEE,  50  percent,  and  25  percent  HySEE  with  2-D  diesel.  They  performed  engine  oil 
analysis  for  wear  metals  at  each  oil  change  interval  and  concluded  that  the  indicated  wear  of 
the  100  percent  HySEE  fueled  engine  was  equivalent  or  better  than  that  of  the  25  percent  and 
the  50  percent  HySEE  fueled  engines.  In  addition,  it  was  noted  that  the  internal  components 
of  the  100  percent  HySEE  fueled  engine  appeared  cleaner  and  brighter  than  the  25  percent  or 
50  percent  fueled  engines. 

2.4.2  On-Road  Tests 

Many  researchers  have  tested  biodiesel  fuels  in  on-road  vehicles  to  prove  the  fuel’s 
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viability  in  the  real-world.  Some  of  these  vehicles  were  fueled  with  100  percent  neat 
biodiesel,  some  with  blends.  Typical  problems  encountered  were  rusting  of  mild  steel 
components  in  the  fuel  system  and  hardening  of  rubber  engine  seals  and  hoses  exposed  to  the 
fuel.  Two  such  demonstration  projects  are  summarized  below. 

Schumacher,  et  al.  (1995)  reported  two  Dodge  (one  1991  and  one  1992)  pickup  trucks 
fueled  with  100  percent  soybean  methyl  ester  run  for  about  80,500  km  (-50,000  miles)  each. 
The  trucks  were  equipped  with  the  5.9  liter  Cummins  B series  engine.  Engine  coking  did  not 
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appear  abnormal  when  inspected  with  an  engine  borescope.  Engine  oil  analysis  of  the 
biodiesel  fueled  trucks  showed  lower  engine  wear  compared  to  diesel  as  measured  by  three 
key  contaminants,  Fe  (iron),  Pb  (lead),  and  Si  (silicon).  Both  trucks  produced  slightly  less 
power,  lower  CO,  HC,  PM  and  smoke,  but  higher  NOx  compared  to  diesel.  OEM  rubber 
fuel  lines  were  rapidly  deteriorated  by  the  100  percent  soybean  methyl  ester  fuel. 

Peterson,  et  al.  (1997)  reported  on  a 1992  Dodge  pickup  with  a 5.9L  Cummins  B series 
engine  running  28  percent  Rapeseed  Methyl  Ester  (RME)  with  72  percent  Diesel  for  161,000 
km  (100,000  miles).  They  looked  at  chassis  dynamometer  tests,  engine  oil  analyses,  injector 
coking,  and  injector  valve  opening  pressures  at  regular  intervals.  Oil  analysis  reports 
indicated  that  no  unusual  deterioration  of  the  engine  took  place.  The  engine  was  removed 
from  the  vehicle,  disassembled,  and  examined  by  the  engine  manufacturer  after  163,800  km 
(101,785  miles).  The  condition  of  the  engine  was  characterized  as  good  or  better  than  would 
be  expected  with  diesel.  Engine  parts  were  clean  and  showed  little  wear.  Notable  exceptions 
were  hardening  of  the  crankshaft  seal,  which  wore  a slight  depression  in  the  crankshaft,  and 
rusting  of  the  fuel  filter  attaching  stud.  Operational  difficulties  included  rusting  of  the 
vehicle’s  mild  steel  fuel  tank  which  contributed  to  fuel  filter  plugging. 

2.5  Engine  Emissions 

After  biodiesel’s  suitability  and  reliability  in  unmodified  diesel  engines  was 
established,  concern  was  focused  on  emission  characteristics  of  biodiesel  fuel.  The  only 
biofuel  emissions  currently  regulated  by  EPA  are  hydrocarbons  (HC),  carbon  monoxide 
(CO),  oxides  of  nitrogen  (NOx),  oxides  of  sulfur  (SOx)  and  particulate  matter  (PM)  which 
are  the  pollutants  commonly  considered  in  the  biodiesel  literature.  However,  unregulated 
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mutagenic  or  toxic  compounds  and  greenhouse  gas  emissions  have  become  of  increasing 
concern  to  researchers  in  anticipation  of  regulations  related  to  these  compounds  in  2001. 

2.5.1  Hydrocarbons  and  Carbon  Monoxide 

HC  emissions  are  mostly  the  result  of  flame  quenching  in  an  internal  combustion 
engine.  There  is  a narrow  quench  zone  near  the  cooled  cylinder  walls  that  makes  the  flame 
go  out  and  the  HCs  are  not  burned.  CO  is  partially  combusted  fuel.  Because  of  this,  HC  and 
CO  are  typically  very  high  on  cold  start  due  to  colder  engine  parts  quenching  the  flame  and 
preventing  complete  combustion.  (Stone,  1992).  Biodiesel  will  produce  less  HC  and  CO 
than  2-D  diesel  fuel  in  the  same  engine,  under  the  same  conditions,  (Peterson  and  Reece, 
1996). 

2.5.2  Oxides  of  Nitrogen 

NOx  (oxides  of  nitrogen)  collectively  refers  to  both  NO  and  NO2.  NO  is  a colorless 
and  odorless  gas  which  gradually  turns  into  NO2  in  air.  Pure  NO2  is  a poisonous,  reddish- 
brown  gas  w ith  a strong  odor.  NO2  can  cause  mucous  membrane  irritation  if  exposed  in  high 
enough  concentrations,  (Bauer,  1996). 

NOx  formation  is  a very  complex  and  can  be  described  by  the  Zeldovich  Mechanism, 
equation  2-1  below. 

O,  <=>  20 

O + N , NO  + N (eq.  2-1) 

+ O,  NO  + O 

NOx  formation  generally  increases  with  increases  in  flame  temperatures  and  slower 
flame  speed.  NOx  emissions  also  increase  with  reduced  engine  speed.  While  desirable  for 
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high  efficiency  operation  of  a diesel  engine,  high  temperatures  and  pressures  are  prime 
conditions  for  the  formation  of  NOx  gasses,  (Stone,  1992). 

The  NOx  emissions  behavior  of  biodiesel  in  unmodified  diesel  engines  varies  in  the 
literature.  Several  reports  show  NOx  is  increased  with  biodiesel.  However,  chassis 
dynamometer  tests  with  the  Cummins  B 5.9  Liter  engine  found  a reduction  in  NOx  w'ith  a 
corresponding  increase  in  PM,  (Peterson  and  Reece,  1996). 

The  variability  in  NOx  response  for  biodiesel  may  be  due  to  individual  variables  in 
the  engines.  Sharp  (1996)  said  that  there  is  “a  strong  link  between  increasing  cetane  numbers 
and  reducing  NOx  emissions,  but  the  response  varies  from  engine  to  engine.” 

2.5.3  Particulate  Matter  and  Smoke 

Particulate  emissions  from  diesel  engines  typically  are  much  higher  than  from  spark 
ignition  engines.  Particulate  matter  consists  largely  of  carbon  soot  particles,  hydrocarbons 
partially  absorbed  by  the  soot,  and  sulphates  in  the  form  of  aerosols.  Soot  particles  are 
chains  of  carbon  particles  that  have  a large  surface  area  where  hydrocarbons  can  be 
deposited.  These  deposited  compounds  are  mostly  strong-smelling  aldehydes.  It  is  widely 
believed  that  soot  particles  are  especially  harmful  to  human  health  because  of  these  aromatic 
compounds  in  the  soot  and  their  small  size.  They  are  only  a few  ten  thousandths  of  a 
millimeter  and  can  enter  the  lungs  very  easily,  (Adler,  1994). 

Most  researchers  report  reduced  amounts  of  visible  smoke  and  slightly  less  PM  with 
biodiesel  compared  to  diesel  (Peterson  and  Reece,  1996).  However,  a detailed  look  at  the 
transient  emissions  from  a Cummins  B 5.9L  diesel  engine  by  Sharp  (1996)  suggests  that  the 
observed  reductions  in  smoke  and  particulate  matter  when  fueled  with  biodiesel  were  due  to 
carbon  soot  reduction  while  the  mass  of  volatile  organic  fraction  (VOF)  increased.  Sharp 
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also  observed,  “The  net  decrease  in  total  particulate  using  biodiesel  fuels  would  have  been 
larger  but  the  increase  in  VOF  partially  offset  the  reduction  in  soot.  An  exhaust  catalyst 
typically  reduces  the  VOF  of  the  particulates.”  This  resulted  in  greater  PM  reduction 
efficiency  from  the  catalyst  when  fueled  with  biodiesel  due  to  the  catalyst’s  greater 
effectiveness  in  reducing  the  VOF  portion  of  the  biodiesel  particulate  emissions. 

2.5.4  Testing  Protocols 

The  protocols  available  to  perform  emissions  tests  on  internal  combustion  engines  are 
separated  into  two  basic  classes,  PTO  engine  tests  and  chassis  driving  tests.  PTO  tests  load 
the  engine  at  the  flywheel  and  loads  are  applied  as  a percentage  of  their  rated  speed  and 
power.  This  type  of  testing  is  usually  used  for  truck  engines  which  can  be  installed  in  any 
number  of  custom  built  chassis  where  individual  tests  would  simply  be  too  costly.  Federal 
Test  Procedures  (FTP)  outlined  in  the  Code  of  Federal  Regulations  (CFR)  Title  40,  Part  86, 
Subpart  N dictate  specific  requirements  for  transient  testing  of  emissions  from  heavy  duty 
diesel  engines.  Chassis  driving  tests  require  the  engine  to  be  installed  in  a vehicle  chassis 
and  loading  is  applied  to  the  wheels  of  the  vehicle.  This  kind  of  testing  can  be  used  to  more 
closely  simulate  true  road  conditions  in  a vehicle  such  as  stop-and-go  urban  traffic.  FTP  test 
cycles  used  for  driving  tests  are  outlined  in  the  CFR  Title  40,  Part  86,  Appendix  I. 

2. 6 Environmental  and  Health  Effects  of  Biodiesel 

In  addition  to  regulated  emissions,  other  concerns  when  considering  any  new  fuel  for 
internal  combustion  engines  include  air  toxics,  their  mutagenic  properties,  and  general  health 
effects. 
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2.6.1  Air  Toxics 


Kado,  et  al.  (1996)  reported  on  bioassay  testing  of  the  Truck-in-the-Park.  The 
emissions  from  REE  biodiesel  used  neat  and  in  blends  compared  with  diesel  control  fuel 
were  examined.  Of  interest  were  polycyclic  aromatic  hydrocarbons  (PAH).  Many  of  these 
compounds,  typically  found  in  diesel  exhaust,  are  known  or  suspected  carcinogens.  This 
team  of  researchers  found  that  emissions  of  polycyclic  aromatic  hydrocarbons  (PAHs)  were 
generally  lower  for  REE  and  blends  of  REE  than  for  conventional  diesel.  Also,  many  toxic 
species  found  in  diesel  exhaust  were  conspicuously  absent  from  the  biodiesel  exhaust 
samples.  The  exception  was  the  PAH  called  benzo(a)pyrene  which  was  slightly  higher  for 
100  percent  REE  and  50  percent  REE  than  for  100  percent  diesel.  Benzo(a)pyrene  is 
commonly  found  in  combustion  of  biomass. 

In  1998,  Kado  and  his  colleagues  reported  bioassay  testing  of  50  percent 
hydrogenated  soybean  ethyl  ester  (HySEE)  fuels.  The  study  looked  at  the  particulates  and 
semi-volatile  compounds  present  in  the  exhaust  of  100  percent  HySEE,  50  percent  HySEE 
blended  with  diesel,  and  100  percent  diesel  fuel.  The  mutagenicity  was  rated  in  units  of 
revertants  per  bhp-hr.  The  100  percent  HySEE  mutagenicity  emission  rates  were 
approximately  6 times  lower  than  the  diesel  emission  rates  using  an  Ames  test  with  metabolic 
enzymes  added.  The  mutagenicity  emission  rates  for  the  50  percent  HySEE  blend  were 
higher  than  the  100  percent  HySEE  emission  rates,  but  lower  than  the  100  percent  diesel 
emission  rates. 

2.6.2  Human  Exposure  Risks  and  Health  Effects 

Some  concern  was  raised  over  the  toxicity  to  humans  who  have  ingested  or  who  have 
been  dermally  exposed  to  biodiesel.  Reece  and  Peterson  (1996)  looked  at  acute  oral  and 
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dermal  toxicity  and  acute  aquatic  toxicity  of  rapeseed  methyl  ester  (RME)  and  rapeseed  ethyl 
ester  (REE)  biodiesel  fuels  and  their  blends  with  diesel.  In  general,  they  report  that  the 
occurrence  of  negative  clinical  observations  increased  as  the  ratio  of  diesel  fuel  in  the  blend 
being  tested  increased.  100  percent  RME  was  the  least  severe  in  the  acute  oral  toxicity  study 
and  the  100  percent  REE  was  the  least  severe  in  the  acute  dermal  toxicity  study.  In  the 
aquatic  toxicity  tests,  biodiesel  was  found  to  be  less  toxic  than  the  reference  toxicant  (sodium 
chloride).  Diesel  fuel  was  2.6  times  more  toxic  than  sodium  chloride. 

2,6.3  Greenhouse  Gas  Emissions  and  Ecological  Effects 

On  December  10,  1997,  160  industrialized  nations  around  the  world  signed  a historic 
agreement  in  Kyoto,  Japan,  to  reduce  the  future  amount  of  carbon  dioxide  emissions  and 
other  so  called  “greenhouse”  gasses  to  levels  below  those  in  1990.  It  is  widely  believed  by 
scientists  that  increased  CO2  in  the  atmosphere  can  cause  global  w^arming  by  restricting  the 
reflection  of  infrared  radiation  back  into  space.  Combustion  of  fossil  fuels,  which  are 
composed  of  ancient  carbon,  increases  the  accumulation  of  carbon  in  the  atmosphere, 
eventually  leading  to  global  warming.  Peterson  and  Hustrulid  (1998)  conducted  a carbon 
cycle  study  of  rapeseed  oil  biodiesel  fuels  as  compared  to  petroleum  diesel.  The  authors 
suggest  that  any  substitution  of  biodiesel  for  petroleum  diesel  will  ultimately  slow  the 
accumulation  of  atmospheric  carbon.  The  basis  for  this  suggestion  is  that  the  carbon  released 
from  combustion  of  the  biomass  fuel  has  recently  been  extracted  from  the  atmosphere  by  the 
oil  producing  plant,  rather  than  releasing  ancient  carbon  from  petroleum. 

Gibbs  (1998)  recently  reported  on  the  need  for  carbon-reduction  technologies  to 
offset  carbon  emissions  from  petroleum  fuel  use.  The  Kyoto  Protocol  requires  reduction  of 
CO2  emissions  from  current  levels  to  an  amount  8 percent  over  1990  levels  for  participating 
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industrialized  nations,  but  the  outlook  seems  grim  given  current  trends.  Gibbs  predicted  that 
the  doubling  time  of  vehicles  worldwide  would  be  reduced  from  26  years  to  6-10  years  due 
to  the  emergence  of  active  consumer  economies  in  nations  such  as  China,  India,  Mexico  and 
the  former  USSR.  This  has  the  potential  of  increasing  the  atmospheric  carbon  levels  by 
nearly  1 gigaton  every  15-20  years.  Biomass  fuels  offer  considerable  promise  for  reducing 
or  stopping  additional  carbon  release  in  the  atmosphere  by  recycling  atmospheric  CO2. 
Biodiesel  has  the  potential  to  reduce  atmospheric  carbon  levels  released  in  combustion  by 
over  1 1,000  tons  per  million  gallons  of  REE  biodiesel  used  (calculated  using  data  from 
Peterson  and  Hustrulid,  1998) 

Franke  and  Reinhardt  (1998)  looked  at  the  environmental  impacts  of  biodiesel  fuels 
specifically.  They  performed  a life  cycle  analysis  of  biodiesel  fuel  use  and  interpreted  the 
environmental  impacts  based  on  CO2  balances  as  well  as  other  relevant  parameters  such  as 
NOx,  SO2,  N2O,  PAH,  dioxins,  and  furans.  They  concluded  that  RME  has  or  can  have  an 
“overall”  ecological  advantage  as  compared  to  diesel  fuel. 

2.6.4  Biodegradabilitv' 

Zhang,  et  al.  (1998)  examined  the  biodegradability  of  biodiesel  in  the  aquatic 
environment  using  a CO2  evolution  method.  They  concluded  that  biodiesel  fuels  are  readily 
biodegradable  when  introduced  in  neat  form  and  also  appeared  to  co-metabolize  petroleum 
diesel  fuels  in  blends.  Diesel  degradation  rates  when  in  a blend  were  increased  to  three  times 
that  of  diesel  alone  due  to  co-metabolism. 
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2. 7 Computer  Combustion  Models 


In  general,  computer  simulations  of  vegetable  oil  fuels  combustion  have  not  been 
explored  extensively,  but  in  the  author’s  opinion  have  great  potential  for  insight  into  the 
combustion  and  emissions  differences  between  biodiesel  and  diesel.  The  lack  of  research  is 
mainly  due  to  the  enormous  computing  resources  required  to  run  a detailed  combustion 
analysis  with  the  combustion  modeling  tools  available.  There  is,  however,  at  least  one 
landmark  paper  in  this  area.  In  1990,  Vander  Griend,  et  al.  ran  a KIVA  combustion 
simulation  of  raw  oils  and  methyl  esters  of  winter  rapeseed  at  Los  Alamos  National 
Laboratory.  The  KIVA  model  attempts  to  predict  cylinder  pressures  over  a complete  engine 
cycle  given  parameters  such  as  combustion  chamber  dimensions,  injector  spray  geometries, 
and  specific  fuel  properties.  This  research  serves  as  a basis  for  validation  of  such  models 
used  with  vegetable  oil  esters  and  shows  the  potential  value  of  tools  such  as  KIVA  in  the 
development  of  alternative  fuels  for  Cl  engines. 

2. 8 Economic  Aspects  of  Biodiesel 

One  of  the  main  limitations  of  biodiesel  as  a viable  alternative  fuel  is  the  cost.  With 
the  current  price  of  diesel  fuel  at  around  one  dollar  per  gallon  (including  state  and  federal 
taxes),  the  biodiesel  industry  has  an  uphill  battle.  Raw  vegetable  oil  used  to  produce  biodiesel 
typically  costs  well  above  twice  that  amount.  Using  waste  or  used  vegetable  oils  is  one 
solution  to  decrease  the  cost,  but  even  used  oil  is  more  expensive  than  diesel  fuel.  Noordam 
and  Withers  (1996)  conducted  an  economic  feasibility  study  examining  biodiesel  production 
in  the  Inland  Northwest.  Considering  mainly  canola  and  rapeseed  crops,  they  calculated  the 
cost  of  producing  Canola  Ethyl  Ester  biodiesel.  This  fuel  ranged  from  $1 .69/gallon  when 
harvested  seed  costs  were  SO. 09/lb  to  $2.91 /gallon  when  harvested  seed  costs  were  $0.1 5/lb. 


18 


The  price  of  seed  for  crushing  was  the  most  influential  factor  in  the  estimated  price.  An 
increase  of  $0. 01/lb  of  seed  would  cause  an  increase  of  S0.20/gallon  of  biodiesel.  In  their 
study,  cost  breakdown  was  70  percent  in  seed  costs  (seed,  transport,  and  storage),  5.5  percent 
for  oil  extraction,  and  24.5  percent  for  transesterification  of  the  oil  based  on  SO.  13/lb  of  seed. 

Peterson,  et  al.  (1995)  looked  at  the  potential  of  agriculturally  produced  fuels.  They 
estimated  that  if  all  the  idle  agricultural  land  in  the  U.S.  (approx.  17  percent)  were  placed 
into  production  of  vegetable  oils,  nearly  27  percent  of  transportation  fuel  in  the  U.S.  could  be 
replaced  by  biodiesel.  This  equates  to  nearly  2.5  times  that  used  in  production  agriculture. 
The  major  hurdle  in  implementing  this  kind  of  production  is  the  enormous  infrastructure  cost. 
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3 FUEL  PRODUCTION  AND  QUALITY  ASSURANCE 


The  biodiesel  truck  was  operated  mainly  on  100  percent  Canola  Ethyl  Ester  (CEE).  The 
base  canola  oil  for  this  fuel  was  supplied  by  Koch  Agri-Services  of  Great  Falls,  Montana.  It 
was  an  off-spec  oil  deemed  unsuitable  for  human  consumption.  The  esters  were  produced 
with  ethanol  from  waste  potatoes  provided  by  the  J.R.  Simplot  Company  of  Caldwell,  Idaho. 

3.1  Objective  ' ^ 

The  objective  of  this  part  of  the  project  was  to  produce  a quality  fuel  and  deliver  it  to 
the  Park  Service  for  use  in  the  Truck-in-the-Park  pilot  demonstration  vehicle. 

3.2  Materials  and  Methods 

Fuel  production  and  delivery  was  the  responsibility  of  the  University  of  Idaho, 
Department  of  Biological  and  Agricultural  Engineering.  Personnel  from  the  University  of 
Idaho  produced  the  fuel  and  delivered  it  to  the  Park  Service  throughout  the  duration  of  the 
project.  The  following  sections  summarize  the  fuel  production,  equipment,  storage,  and 
delivery  of  the  fuel  to  the  Park  Service. 

3.2.1  Overview  of  the  Fuel  Production  Process 

The  CEE  fuel  was  produced  in  a 950  liter  (250  gallon),  stainless  steel  batch  type 
reactor.  The  ethyl  ester  process  utilizes  70  percent  stoichiometric  excess  ethanol 
(anhydrous),  or  a molar  ratio  of  5. 1 : 1 (ethanohoil).  Based  on  the  amount  of  input  oil  by 
weight,  1.3  percent  of  potassium  hydroxide  (KOH)  is  used  as  a catalyst. 

The  oil  is  placed  in  the  950  liter  (250  gallon)  stainless  steel  reactor  while  the  catalyst 
is  dissolved  into  the  alcohol  by  vigorous  stirring  in  a separate,  smaller  reactor.  The 
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catalyst/alcohol  mixture  is  then  transferred  to  the  950  liter  (250  gallon)  reactor  and  stirred  for 
two  hours. 

The  esterification  reaction  yields  two  liquid  phases:  ester  and  crude  glycerol.  Crude 
glycerol  is  a heavy  liquid  layer  that  collects  at  the  bottom  of  the  reactor  after  settling  for 
several  hours.  Initial  phase  separation  can  be  observ'ed  in  as  little  as  10  minutes  and  is 
usually  complete  within  two  hours  of  settling,  but  can  take  as  long  as  20  hours. 

After  settling  is  complete,  water  is  added  at  the  rate  of  5.5  percent  by  volume  of  oil 
and  then  stirred  for  5 minutes.  The  glycerol  is  allowed  to  settle  again.  At  this  point,  the 
glycerol  layer  contains  crude  glycerol,  water,  excess  alcohol,  and  the  catalyst.  After  the  final 
settling,  the  glycerol  layer  is  drained  and  the  ester  layer  remains  in  the  reactor. 

Washing  the  ester  is  a two  step  process  which  is  carried  out  with  extreme  care.  A 
water  wash  solution  at  the  rate  of  28  percent  by  volume  of  oil  and  1 gram  of  tannic  acid  per 
liter  of  water  is  added  to  the  ester  and  gently  agitated.  Air  is  carefully  introduced  into  the 
aqueous  layer  while  gently  stirring.  This  process  is  continued  until  the  ester  layer  becomes 
clear.  After  settling,  the  aqueous  solution  is  drained  and  water  alone  is  added  at  28  percent 
by  volume  of  oil  for  the  final  washing,  (Peterson,  et  al.,  1995). 

3.2.2  Equipment 

The  ester  is  produced  in  a 950  liter  (250  gallon)  stainless  steel  reactor.  The  reactor  is 
a custom  built  unit  designed  by  the  University  of  Idaho.  The  reactor  is  equipped  with  an 
electric,  explosion-proof  stirring  motor  and  a hydraulically  operated  stirring  motor.  The 
volatile  alcohol  can  produce  explosive  mixtures  in  the  air  so  all  electric  equipment  must  be 
rated  as  explosion  proof  The  electric  stirring  motor  is  used  for  stirring  the  alcohol  catalyst 
mixture  as  well  as  initial  stirring  of  the  oil  and  alcohol/catalyst  mixture.  The  hydraulic 
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stirring  motor  is  used  during  the  secondary  stirring  procedures  where  a more  gentle  stirring  is 
needed.  The  hydraulic  stirring  motor  is  ideal  for  secondary  stirring  because  its  speed  is 
infinitely  adjustable  by  means  of  a hydraulic  valve.  The  hydraulic  stirring  motor  is  dnven  by 
an  electric  powered  hydraulic  pump  which  is  remotely  located  outside  the  building  for  safety 
reasons.  Various  electric  pumps  are  used  to  transfer  the  alcohol/catalyst  mixture  to  the 
reactor  and  pump  the  finished  fuel  from  the  reactor  to  various  storage  vessels. 

3.2.3  Fuel  Storage 

The  finished  biodiesel  fuel  is  stored  temporarily  in  1040  liter  (275  gallon)  plastic 
bottled  totes.  These  totes  are  a convenient  storage  medium  because  they  have  reusable  steel 
support  cages  and  replaceable  plastic  bottles.  The  totes  are  also  easily  transportable  and  are 
small  enough  to  be  handled  with  a forklift.  The  original  valves  on  the  bottles  had  to  be 
replaced  with  Viton  sealed  valves  due  to  incompatibilities  between  the  natural  rubber  in  the 
original  valves  and  the  ester  fuel. 

3.2.4  Delivery 

The  biodiesel  fuel  was  delivered  in  seven  lots  of  about  3000-3800  liters  (800-1000 
gallons)  each.  The  fuel  was  transported  in  three  1040  liter  (275  gallon)  totes  with  additional 
fuel  transported  in  208  liter  (55  gallon)  barrels.  The  containers  were  put  on  a flat  bed  trailer 
and  hauled  to  Mammoth  Hot  Springs  either  with  a 1994  Dodge  pickup  running  on  100 
percent  Rapeseed  Ethyl  Ester  (REE)  or  a 1992  Ford  running  on  a blend  of  20  percent  raw 
rapeseed  oil  and  80  percent  diesel  fuel.  The  fuel  was  pumped  into  a 37,850  liter  (10,000 
gallon)  tank  at  Mammoth  Hot  Springs.  Since  this  tank  was  unheated,  some  of  the  fuel  was 
stored  indoors  in  a smaller  fuel  vault  at  the  Mammoth  Hot  Springs  maintenance  shop.  Both 
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of  these  storage  tanks  were  maintained  by  the  Park  Service.  Detailed  fuel  delivery'  reports 
are  included  as  Appendix  A. 

3.2-5  Quality'  Assurance 

Each  batch  of  fuel  delivered  to  the  Park  Ser\’ice  was  analyzed  for  quality  and 
consistency.  Two  independent  labs  were  used  to  test  the  fuel  produced.  Phoenix  Chemical 
Labs  of  Chicago,  Illinois,  was  contracted  to  determine  some  of  the  physical  properties  of  the 
fuel.  Specifically,  this  lab  reported  water  & sediment,  ramsbottom  carbon,  ash,  sulfur,  cetane 
rating,  copper  corrosion,  Karl  Fischer  water,  particulate  matter,  carbon  percent,  hydrogen 
percent,  oxygen  percent,  iodine  number,  and  nitrogen  in  parts  per  million.  Diversified 
Laboratories  of  Chantilly,  Virginia,  was  contracted  to  determine  the  total  glycerol,  free 
glycerine,  mono-glycerides,  di-glycerides,  tri-glycerides,  free  fatty  acids,  and  ethyl  ester 
content  of  the  fuel. 

3.3  Results 

A table  summarizing  the  fuel  specific  properties  for  all  delivered  fuel  is  presented  in 
Table  3-1 . Copies  of  the  original  fuel  properties  reports  from  the  two  labs  are  included  in 
Appendix  B. 

3.4  Conclusions 

• The  batch  method  of  production  was  sufficient  for  small  lots  of  fuel  produced  for  this 
project. 

• 275  gallon  totes  proved  to  be  effective  for  transportation  and  temporary  storage  of  fuel. 

• Fuel  should  be  kept  heated  to  ensure  ease  of  handling  in  cold  environments. 
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• This  project  showed  that  normal  cold-weather  diesel  modifications  as  described  in 

section  1.2  were  sufficient  to  enable  use  of  biodiesel  in  cold-weather  operations  as  found 
at  Yellowstone  National  Park. 
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Table  3^1.  Fuel  specific  properties  of  delivered  fuel. 


Lot  1 

Lot  2 j 

Lot  3 

Lot  4 

Lot  5 

Lot  6 

Lot  7 

Fuel  Specific  Properties 

REE 

REE 

REE/CEE 

CEE 

CEE 

CEE 

CEE 

Specific  Gravity,  60/60 

0.8755 

0.8755 

0.8788 

0.8795 

0.8798 

0.880 

0.880 

Viscosity,  cSt  @ 40°C 

6.123 

6.115 

5.15 

4.86 

4.88 

4.76 

NA* 

Cloud  Point,  °C 

0 

0 

0 

-5 

-6 

-6 

-6 

Pour  Point,  °C 

-12 

-12 

-12 

-12 

-12 

-9 

-9 

Flash  Point,  °C 

170 

175 

175 

170 

194 

126 

NA 

Boiling  Point,  °F 

440 

510 

570 

656 

479 

568 

512 

Water  and  Sediment,  % vol. 

0.01 

<0.005 

<0.005 

0.02 

Nil 

Nil 

<0.005 

Carbon  Residue,  % mass 

0.062 

0.050 

0.069 

0.070 

0.054 

0.05 

0.00 

Ash,  % mass 

-0.011 

0.003 

0.002 

0.002 

0.002 

0.003 

0.000 

Sulfur,  wt% 

0.022 

0.019 

<0.005 

<0.005 

<0.001 

<0.005 

<0.005 

Cetane  Number 

59.5 

58.4 

56.9 

55.3 

55.2 

59.8 

53.9 

Heat  of  Combustion,  Gross, 
MJ/kg 

40.72 

40.6 

40.31 

40.22 

40.02 

45.05 

NA 

Copper  Corrosion 

1A 

1A 

1A 

1A 

1A 

1A 

1A 

Karl  Fischer  Water,  ppm 

757 

795 

1090 

1108 

1095 

NA 

NA 

Particulate  Matter,  mg/L 

Total 

2.44 

1.97 

1 

8.9 

0.89 

1.59 

12.48 

Non-Combustible 

0.4 

0.56 

0.03 

<0.01 

0.28 

0.51 

3.36 

Elemental  Analysis 

Nitrogen,  ppm 

14 

5 

3.1 

NA 

14 

78 

NA 

Carbon,  % 

77.15 

78.16 

77.31 

77.10 

77.07 

80.74 

78.08 

Hydrogen,  % 

9.52 

12.42 

9.45 

9.80 

12.04 

12.25 

12.08 

Oxygen,  % (by  difference) 

13.3 

9.42 

13.24 

13.1 

10.89 

7.01 

9.84 

Iodine  Number 

97.5 

94.8 

109 

113.7 

110.7 

111.0 

117.3 

Ester  Specific  Properties 

Acid  Value 

0.13 

0.106 

0.13 

0.183 

0.154 

0.165 

0.1913 

Free  Glycerol,  %wt 

1.21 

0.14 

0.13 

0.2 

0.02 

0.00 

0 

Total  Glycerol,  %wt 

2.03 

0.39 

0.31 

4.09 

0.54 

0.333 

1.482 

Free  Fatty  Acids,  %wt 

0 

0.64 

0.41 

0.42 

0.42 

0.40 

0.097 

Monoglycerides,  %wt 

<0.50 

0.22 

<0.50 

trace 

2.97 

1.035 

1.024 

Diglycerides,  %wt 

1.66 

1.95 

3.37 

4.63 

3.40 

0.333 

0.689 

Triglycerides,  %wt 

1.33 

0.46 

1.79 

2.7 

2.21 

0.193 

1.097 

Alcohol  Content,  % mass 

<1% 

<1% 

<1% 

<1% 

<1% 

<1% 

<1% 

Catalyst,  microgram/gram 

5 

<1.4 

<1.4 

<1.4 

<1.4 

<1.4 

<1.4 

Fatty  Acid  Composition,  % 

Palmitic  (16:0) 

2.67 

2.4 

3.2 

3.5 

3.5 

3.5 

3.5 

Stearic  (18:0) 

1.9 

2 

4.6 

6.4 

6.4 

6.4 

6.4 

Oleic  (18:1) 

12 

11.7 

43 

54.2 

54.2 

54.2 

54.2 

Linoleic  (18:2) 

11 

10.7 

16.5 

18.4 

18.4 

18.4 

18.4 

Linolenic  (18:3) 

8.11 

8.1 

9.3 

9.4 

9.5 

9.5 

9.5 

Eicosenoic  (20:1 ) 

6.76 

5.8 

2.5 

1.4 

1.3 

1.3 

1.3 

Behenic  (22:0) 

4.37 

5.3 

2.3 

0 

0 

0 

0 

Erucic  (22:1) 

44.62 

45.1 

13.1 

1.3 

1.4 

1.4 

1.4 

* NA  = Not  Available 
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4 ENGINE  PERFORMANCE  TESTING 


Engine  performance  was  determined  through  chassis  dmamometer  tests  conducted  by 
the  University  of  Idaho.  Additional  parameters  were  examined  at  the  dynamometer  test 
interv'als  including  condition  of  cylinder  bore,  injector  coking,  injector  pressures,  and  engine 
compression.  This  chapter  details  engine  performance  testing  on  the  chassis  dynamometer 
while  the  following  chapter  examines  the  additional  parameters  with  respect  to  engine 
durability. 

4.1  Objectives 

The  objective  of  vehicle  performance  testing  was  to  monitor  engine  performance  to 
detect  any  emerging  problems. 

4.2  Materials  and  Methods 

The  test  vehicle  was  performance  tested  at  Western  States  Caterpillar  in  Spokane, 
Washington,  or  Tractor  & Equipment  in  Billings,  Montana,  a total  of  five  times.  The  vehicle 
was  tested  at  4,764  km  (2,960  miles),  25,465  km  (15,823  miles),  42,165  km  (26,200  miles), 
81,726  km  (50,782  miles)  and  142,186  km  (88,350  miles).  The  facilities  were  equipped 
with  a SuperFlow  SF-601  chassis  dynamometer  and  Caterpillar  PAR  software.  The  SF-601 
chassis  dynamometer  is  a water-brake  dynamometer  capable  of  applying  a fixed  load  to  the 
drive  wheels.  A lug  curve  was  produced  by  programming  1 1 lug  points  into  the  computer. 
These  lug  points  started  at  1450  RPM  and  proceeded  to  2950  RPM  with  150  RPM  intervals. 
Three  replicates  of  the  lug  curve  were  made  for  both  2-D  diesel  and  for  biodiesel  fuels. 
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4.3  Results  and  Discussion 


Figure  4-1  compares  the  overall  average  of  all  the  d\Tiamometer  tests  for  REE/CEE 
biodiesel  and  diesel.  The  values  are  a composite  of  all  REE/CEE  biodiesel  and  diesel  runs 
for  the  five  dvmamometer  test  events.  This  figure  shows  that  REE/CEE  biodiesel  has  slightly 
less  power  than  diesel  which  is  expected  due  to  the  lower  energy  of  the  REE/CEE  biodiesel 
per  volume 


RPM 


Figure  4-1.  Overall  Average  of  REE/CEE  Biodiesel  and  Diesel  runs. 

*The  early  dynamometer  tests  were  done  on  REE  and  the  later  tests  on  CEE. 

REE/CEE  biodiesel  averages  for  each  dynamometer  test  are  displayed  in  Figure  4-2. 
Each  series  represents  the  average  of  the  three  REE/CEE  biodiesel  replicates  performed 
during  that  single  dynamometer  test  event.  Figure  4-3  shows  similar  data  for  the  diesel  tests. 
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*-2,960  mi 
15,823  mi 
26,200  mi 
50,782  mi 
^88,350  mi 


Figure  4-2.  Average  of  REE/CEE  Biodiesel  runs  at  each  testing  interval. 
*The  early  dynamometer  tests  were  done  on  REE  and  the  later  tests  on  CEE. 
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-4—15,823  mi 
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Figure  4-3.  Average  of  the  diesel  runs  at  each  testing  interval. 

*Tlie  early  dynamometer  tests  were  done  on  REE  and  the  later  tests  on  CEE. 

Figure  4-4  shows  that  the  vehicle  did  not  experience  a sustained  reduction  in  power 
over  time.  There  was  some  variability  in  power  over  time,  but  this  may  be  attributed  to 
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v'snablcs  such  us  different  testing  locutions  (Billings  und  Spokune),  environinentul  effects 
such  us  high  umbient  temperuture  und  different  dynumometer  soft^v'u^e  on  the  lust  test. 


Figure  4-4.  Comparison  of  average  power  at  2350  RPM  over  time  for  diesel  and 

REE/CEE  Biodiesel. 

*Tlie  early  dynamometer  tests  were  done  on  REE  and  the  later  tests  on  CEE. 

4.3.1  Engine  Cylinder  Compression 

Engine  cylinder  compression  tests  were  performed  on  the  engine  at  each  engine 
performance  test  interv^al.  Cylinder  compression  varied  from  450  psi  to  500  psi,  but 
individual  cylinders  didn’t  vary  by  more  than  7 percent  of  the  average  of  all  cylinders  for  that 
particular  test.  The  results  are  given  in  Figure  4-5. 
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Figure  4-5.  Cylinder  compression  at  each  dynamometer  test  interval. 

4.3.2  Fuel  Injector  Valve  Opening  Pressure 

Injector  valve  opening  pressure  tests  were  performed  on  the  injectors  at  each  engine 
performance  test  interv'al.  Injector  pressures  varied  from  3400  psi  to  3950  psi,  but  each 
injector  didn’t  vary  by  more  than  6 percent  of  the  average  during  that  particular  test.  The 
results  are  given  in  Figure  4-6.  Notice  that  valve  opening  pressures  tended  to  decrease  over 
time.  This  agrees  with  the  injector  evaluation  performed  at  the  engine  teardown  performed 
by  Cummins  Intermountain  Distributor  which  reported  lower  than  normal  injector  valve 
opening  pressures.  Bosch  reported  that  valve  opening  pressures  were  low,  but  not  abnormal 
for  the  mileage  of  the  engine.  Both  of  these  reports  are  summarized  in  later  sections  of  this 
chapter. 
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Figure  4-6.  Injector  valve  opening  pressure  at  each  dynamometer  testing  interval. 

4.3.3  Cylinder  Borescope  Inspections 

A cylinder  borescope  was  used  to  visually  inspect  the  cylinder  walls,  tops  of  the 
pistons,  and  combustion  chamber  for  excessive  coking  or  premature  wear.  The  borescope 
was  inserted  into  the  injector  holes  in  the  head  while  the  injectors  were  removed  for  valve 
opening  pressure  tests.  Inspections  were  performed  at  each  dynamometer  test  interval.  The 
borescope  inspections  did  not  show  any  evidence  of  excessive  coking  or  premature  wear  of 
the  engine. 

4.3.4  Injector  Coking 

The  fuel  injectors  were  removed  and  examined  for  excessive  coking  or  build-up  after 
each  dynamometer  test.  The  build-up  on  injectors  did  not  appear  excessive  between  test  runs 
and  was  comparable  to  that  of  diesel  fuel  in  the  same  engine. 
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4.4  Conclusions 


Performance  of  the  engine  varied,  but  the  vehicle  did  not  experience  a sustained 
reduction  in  power  over  time.  Vehicle  testing  also  showed  that  REE/CEE  biodiesel  has 
slightly  less  power  than  diesel  which  is  expected  due  to  the  lower  energy  of  the  REE/CEE 
biodiesel  fuel  per  volume.  Cylinder  compression  varied  from  450  psi  to  500  psi,  but 
individual  cylinders  didn’t  vary  by  more  than  7 percent  of  the  average  for  all  cylinders  for 
that  particular  test.  The  valve  opening  pressures  tended  to  decrease  over  time.  Cummins 
Intermountain  Distributor  also  reported  lower  than  normal  injector  valve  opening  pressures. 
Bosch  reported  that  valve  opening  pressures  were  low,  but  not  abnormal  for  the  mileage  of 
the  engine.  The  borescope  inspections  did  not  show  any  evidence  of  excessive  coking  or 
premature  wear  of  the  engine. 


32 


5 ENGINE  TEARDOWN  AND  DURABILITY  AN  ALYSIS 


Overall  engine  durability  was  estimated  by  considering  engine  oil  analysis  data,  engine 
teardown  inspection,  engine  component  measurements,  and  an  evaluation  of  the  fuel  injection 
pump  by  the  manufacturer.  Engine  durability  was  difficult  to  determine  directly  in  this  test  since 
the  engine  was  only  in  service  for  149,408  km  (92,838  miles),  considerably  shorter  than  its 
expected  sendee  life.  This  chapter  summarizes  these  obsen'ations  and  measurements. 

5.1  Objectives 

The  objective  of  the  teardown  and  durability  analysis  is  to  determine  if  any  abnormal  or 
excessive  wear  occurred  with  the  engine  due  to  the  use  of  biodiesel  fuel. 

5.2  Materials  and  Methods 

The  truck  was  moderately  to  heavily  loaded  during  its  operation  at  the  park.  Most  of  this 
load  was  the  1,135  liter  (300  gallon)  auxiliary  fuel  tank  that  was  installed  by  the  Park  Service  to 
extend  the  truck’s  useful  range.  WTien  full,  the  truck  was  nearly  at  its  recommended  load 
capacity.  On  occasion,  the  truck  was  used  to  haul  livestock  trailers  for  the  Park  Service  and  was 
used  off-road.  The  Park  Service  maintained  a detailed  fueling  and  driving  log  which  cataloged 
the  type  of  dnving  the  truck  experienced.  This  log  is  included  as  Appendix  C. 

5.2.1  Engine  Oil  Analysis 

Oil  was  analyzed  at  every  oil  change  using  Chevron  Lube  Watch  analysis  services  of 
Spokane,  Washington.  A small  sample  was  taken  during  the  oil  drain  procedure  and  submitted 
to  the  lab  for  analysis.  The  LubeWatch  service  reports  a number  of  wear  metals,  oil 
contaminants,  and  other  parameters  such  as  viscosity  and  total  base  number. 
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5.2.2  Teardown 


The  engine  was  removed  and  disassembled  for  inspection  by  Cummins  Intermountain 
distributor  of  Pocatello,  Idaho,  on  July  7,  1998.  Representatives  from  Yellowstone  National 
Park,  Montana  Department  of  Environmental  Quality,  Technology  and  Engineering 
Management,  and  the  University  of  Idaho  participated  in  the  detailed  inspection.  Notes  were 
taken  on  a check-sheet  supplied  by  the  University  of  Idaho. 

5.2.3  Engine  Measurements 

After  the  engine  w'as  disassembled  by  Cummins  Intermountain  Distributor,  the  engine 
components  were  transported  to  the  University  of  Idaho’s  research  lab  for  additional  engine 
measurements.  Engine  measurements  were  taken  by  University  of  Idaho  personnel  following  the 
procedure  outlined  in  the  Dodge  Truck  service  manual.  Engine  measurements  were  compared  to 
the  published  values  to  determine  if  any  critical  dimension  was  out  of  specification. 

5.2.4  Fuel  Pump  Inspection 

Particular  attention  was  paid  to  the  effects  of  the  fuel  on  the  high  pressure  fuel  pump.  The 
pump  used  on  this  engine  w'as  a Bosch  in-line  mechanical  injection  pump.  After  removal  from 
the  engine  and  preliminary  inspection  at  Cummins  Intermountain  Distributor,  it  w'as  sent  to 
Bosch  for  a more  detailed  analysis.  Bosch  provided  a complete  evaluation  report  on  the  pump 
which  is  summarized  in  the  results  section. 

5.3  Results  and  Discussion 

Results  of  the  oil  analysis,  engine  teardown,  engine  measurements,  and  fuel  injection  pump 
inspection  are  given  below. 
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5.3.1  Ensine  Oil  Analysis 


A summar>'  of  the  oil  analysis  wear  metals  of  interest  are  shown  in  Figure  5-1.  Initial 
high  levels  of  contaminants  such  as  iron  (Fe),  copper  (Cu).  silicon  (Si)  are  shown  in  this  figure 
and  are  due  to  the  normal  initial  break-in  of  the  engine. 


qAI 
^ Cu 
□ Si 
.Fe 


ppm 


Figure  5-1. 


Wear  metals  in  the  engine  oil  at  each  oil  change  interval. 


In  addition  to  wear  metals,  LubeWatch  reports  engine  oil  viscosity  as  is  presented  in 
Figure  5-2.  Four  tests  showed  significantly  lower  viscosity  than  the  other  tests.  This  was  due  to 
fuel  dilution  coming  from  the  injector  pump  during  longer  periods  of  idling  in  cold  weather.  Oil 
change  interv'als  were  shortened  from  about  6400  km  (4000  miles)  to  about  4800  km  (3000 
miles)  to  help  alleviate  this  condition.  It  is  also  worth  noting  that  during  the  engine  teardown, 
one  of  the  o-ring  seals  inside  the  fuel  pump  was  found  to  be  damaged.  This  could  have  been  the 
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source  of  the  higher  than  normal  fuel  dilution  but  did  not  appear  to  be  the  fault  of  the  biodiesel 


fuel.  Copies  of  the  LubeWatch  reports  are  included  as  Appendix  D 
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Figure  5-2.  Viscosity  of  the  engine  oil  at  each  oil  change  interval. 


F-soot  ij  shown  in  Figure  5-3.  In  general,  the  truck  had  very  low  levels  F-soot  in  the 
engine  oil.  F-soot  is  the  measure  of  carbon  residue  in  the  engine  oil  from  combustion.  Lower 
levels  of  soot  m the  engine  oil,  compared  to  an  engine  operating  on  2-D  diesel  fuel,  were  also 
visually  evident  during  the  engine  teardown.  Most  components  appeared  cleaner  than  a 
comparable  diesel  engine  due  to  the  lower  amount  of  soot  in  the  engine  oil. 

Total  base  number  (TBN)  is  shown  in  Figure  5-4.  Low  TBN  can  cause  unnecessary 
corrosion  of  the  upper  piston,  piston  rings,  and  top  end  bearing.  Additionally,  low  TBN  is 
indicative  of  reduced  oil  detergency.  In  general,  the  TBN  remained  within  safe  levels  due  to  the 
relatively  frequent  oil  changes. 
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Figure  5-3.  F-Soot  number  of  the  engine  oil  at  each  oil  change  interval. 


Figure  5-4.  Total  base  number  of  the  engine  oil  at  each  oil  change  interval. 


37 


5.3.2  Teardowp 


Overall,  the  engine  appeared  to  be  in  excellent  condition  with  individual  component 
conditions  considered  better  than  or  equivalent  to  diesel,  as  evaluated  by  the  personnel  at 
Cummins  Intermountain  Distributor.  Notable  excerpts  of  the  teardown  are  summarized  in  Table 
5-1 . The  full  set  of  notes  from  the  teardown  can  be  found  in  Appendix  E. 
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Table  5-1.  Engine  Teardown  Inspection  Notes. 


Component 

Condition  | 

Cylinder  Head 

Injectors 

Less  carbon  than  usual  on  all  parts,  less  carbon  than 
would  be  expected  from  diesel 

Valves 

Normal  - do  not  need  regnnding,  deposits  ver>'  low 

Cam  Shaft 

Slight  pitting  on  2 lobes,  others  not  a problem,  normal 
wear 

Cam  Thrust  Plate 

Slight  wear  around  outer  edges  - no  wear  on  inner  edge 

Tappets 

Some  very  slight  pitting  to  match  cam 

Head  Gasket 

Good,  no  leakage,  no  coolant,  no  blow  across 

Block 

Main  Beanngs 

Ver\'  good,  no  wear 

Crankshaft 

Slight  seep  of  oil  from  rear  main,  slightly  more  than  front. 
Exceptionally  good  journal  condition,  slight  grooving  at 
seals 

Pistons 

Clean,  some  deposits  on  top  land 

Rings 

1 Top 

Even  wear  in  center,  no  contact  on  edges,  10%  each 

25%  face  contact,  clean 

1 Oil 

No  apparent  wear 

Piston  pins 

No  wear,  normal 

Liners 

' 

Honing  marks  apparent  throughout,  slight  deposit  on  top 
land  area 

Rods 

1 Rod  Bushings 

Normal  to  no  wear 

1 Rod  Bearings 

1 

Still  within  specs  for  reuse  guidelines,  but  do  show  more 
than  normal  marking  - somewhat  like  what  is  seen  when 
coolant  gets  in  the  oil 

! Pumps 

Lube  Pump 

Some  wear,  normal 

j Fuel  Lift  Pump 

Rust  on  strainer  bolt,  slight  sediment  on  screen 

i Damper 

Normal 

Seals 

Front  Crank  Seal 

Normal  to  less  seepage  than  normal 

Rear  Crank  Seal 

Normal  to  some  seepage  from  rear  main 

Injection  Pump 

#6  had  heavy  engine  oil  surrounding  the  lower  end 
indicating  leakage  between  the  governor  and  the  pump. 
#1  had  a bad  upper  o-ring.  In  removing  the  other  barrels, 
no  other  bad  o-ring  was  found. 

All  have  a slight  rusting  of  the  barrel. 

Lxhaust  Manifold 

Turbo 

Good,  no  excess  end  play,  tight 
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5.3.3  Engine  Measurements 


All  critical  engine  measurements  were  within  the  published  specification  as  pnnted  in  the 
Dodge  Truck  service  manual.  A summar)'  of  these  measurements  is  given  in  Table  5-2,  while  a 
list  of  all  the  measurements  done  can  be  found  in  Appendix  E. 

5.3.4  Fuel  Pump  Inspection 

Bosch  found  the  internal  pump  components  to  be  in  good  or  very  good  condition.  The 
plungers  showed  some  fuel  deposits,  but  not  enough  to  cause  sticking.  Only  an  o-ring  was  found 
to  be  physically  damaged  but  Bosch  representatives  attributed  the  damage  to  an  assembly 
problem  and  said  it  was  not  fuel  related.  Bosch  also  reported  that  valve  opening  pressures  for  the 
injectors  were  slightly  low,  but  not  abnormal  for  the  mileage  of  the  engine.  Bosch  concluded 
that  further  testing  needs  to  be  performed  to  determine 
related  deposits  in  the  pump.  A copy  of  the  fuel  pump 
included  in  Appendix  F. 


the  effects  of  higher  mileage  on  fuel 
evaluation  performed  by  Bosch  is 
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Table  5-2.  Engine  Measurements. 


Dimension 

Maximum 

Minimum 

Cylmder  (all  values  given  m mches) 

1 

2 

4 

5 

6 

Cylinder  bore 

102.1 16  mm 
(4.0203  mch) 

102.0  mm 
(4.0157  mch) 

4.0160 

4.0164 

4.0164 

4,0166 

4.0166 

4.0162 

Cylinder  Out-of 
round 

0.038  mm 
(0.0015  inch) 

0.0001 

0.0002 

0.0005 

0.0006 

0.0006 

0.0002 

Cylinder  Taper 

0.76  mm 
(0.003  inch) 

0.0011 

0.0006 

0.0007 

0.0000 

0.0012 

0.0010 

Camshaft 

Journal 

53.962  mm 
(2.1245  inch) 

2.1258 

2.1259 

2.1260 

2.1261 

2.1260 

2.1260 

Camshaft  Bore 
Diameter 

54. 133  mm 
(2.1312  mch) 

2.1311 

2.1300 

2.1301 

2.1298 

2.1294 

2.1296 

Piston  Pin 
Diameter 

39.990  mm 
(1.5744  mch) 

1.5745 

1.5745 

1.5745 

1.5745 

1.5745 

1.5745 

Piston  Pm  bore 

40.025  mm 
( 1 .5758  mch) 

1.5747 

1.5749 

1.5748 

1.5750 

1.5748 

1.5749 

Connecting  rod 
pm  bore 

40.042  mm 
(1.5764  inch) 

1.5748 

1.5750 

1.5748 

1.5750 

1.5751 

1.5751 

Connecting  rod 
bore 

Smallest 

diameter 

2.7182 

2.7191 

2.7190 

2.7202 

2.7190 

2.7198 

Crankshaft  Rod 
journal 

69.013  mm 
(2.717  inch) 

68.962  mm 
(2.715  mch) 

2.7178 

2.7174 

2.7175 

2.7167 

2.7166 

2.7179 

Top  Ring  Gap 

0.700  mm 
(0.0275  mch) 

0.400  mm 
(0.0160  inch) 

0.020 

0.021 

0.021 

0.020 

0.021 

0.021 

Intermediate 
Ring  Gap 

0.550  mm 
(0.0215  mch) 

0.250  mm 
(0.0100  inch) 

0.013 

0.013 

0.017 

0.017 

0.017 

0.017 

Oil  Control  Ring 
Gap 

0.550  mm 
(0.0215  inch) 

0,250  mm 
(0.0100  inch) 

0.012 

0.015 

0.013 

0.015 

0.014 

0.014 

Crankshaft  Main 
Journals 

83.013  mm 
(3.2682  mch) 

82.962  mm 
(3.2662  mch) 

3.2672 

3.2671 

3.2670 

3.2671 

3.2672 

3.2670 
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5,4  Conclusions 


Results  of  the  engine  oil  analysis,  engine  teardown  inspection,  engine  component 
measurement,  and  fuel  pump  evaluations  indicate  that  the  engine  did  not  experience  excessive 
wear  or  deterioration  as  a result  of  using  CEE  as  a fuel.  Four  oil  tests  showed  significantly  lower 
viscosity  than  the  other  tests.  This  was  due  to  dilution  coming  off  the  lube  oil  by  the  fuel  from 
the  injector  pump.  Oil  change  interv'als  were  shortened  by  about  1600  km  (1000  miles)  to  solve 
this  condition.  Overall,  the  engine  appeared  to  be  in  excellent  condition  with  individual 
component  conditions  considered  better  than  or  equivalent  to  diesel 

All  critical  engine  measurements  were  within  the  published  specification  as  printed  in  the 
Dodge  Truck  ser\dce  manual.  Bosch  found  the  internal  pump  components  to  be  in  good  or  ver>' 
good  condition. 
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6.  ENGINE  EMISSIONS 


The  Truck-in-the-Park  vehicle  was  emissions  tested  twice  at  the  Los  Angeles  County 
Metropolitan  Transportation  Authority  (LAMTA)  Emissions  Testing  Facility  (ETF). 

The  ETF,  located  m downtown  Los  Angeles,  is  a state-of-the-art  laboratoiy 
specifically  designed  and  built  for  the  purpose  of  collecting  exhaust  emissions  data  from 
heavy-duty  vehicles  during  transient  chassis  dynamometer  operations.  In  addition  to 
supplying  data  to  the  scientific  community  and  private  customers,  the  ETF  provides  exhaust 
emissions  testing  and  data  to  California  regulatory  agencies  in  an  effort  to  support  the 
development  of  new  emissions  regulations  for  heavy-duty  vehicles. 

Several  different  biodiesel  fuel  blends  were  evaluated  during  the  emissions  testing 
program.  This  chapter  reports  on  transient  dynamometer  tests  of  gaseous  emissions  at  the 
LAMTA  ETF  with  diesel  on-road  vehicles.  The  fuel  used  was  vegetable  oil  esters  produced 
by  the  Biological  and  Agncultural  Engineering  Department  at  the  University  of  Idaho. 
Industrial-grade  rapeseed  was  used  to  make  the  REE  (and  RME)  for  this  testing  instead  of 
using  the  canola  ethyl  ester,  which  the  truck  used  for  most  of  this  project.  Canola  (with  low 
erucic  acid  content  is  an  edible  form  of  rapeseed.  REE  was  used  for  this  testing  to  allow  for 
comparison  of  results  with  previous  work,  and  to  be  used  as  a control  biodiesel  fuel  rather 
than  using  a biodiesel  from  an  off-spec  oil.  Also,  the  off-spec  canola  oil  had  not  yet  been 
delivered  when  the  startup  emission  tests  were  performed.  Phillips  66,  low-sulfur  reference 
diesel  fuel  was  tested  as  the  control  fuel  to  provide  a baseline  reference  point.  The  first  test 
took  place  at  5,955  km  (3,700  mi.)  and  the  final  emissions  test  took  place  at  139,466  km 
(86,660  mi.). 
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6.1  Objectives 


The  objectives  of  the  emissions  tests  were; 

1)  Obtain  emissions  data  for  100  percent  REE,  and  50  percent  and  20  percent  blends 
of  REE  with  diesel  control  fuel; 

2)  Compare  regulated  emissions  data  including  total  hydrocarbons  (HC),  carbon 
monoxide  (CO),  carbon  dioxide  (COj),  nitrogen  oxides  (NOx),  and  particulate 
matter  (PM),  for  REE,  REE  blends,  and  diesel  control  fuel; 

3)  Compare  emission  levels  for  the  1995  and  1998  tests  using  these  fuels; 

4)  Determine  baseline  emissions  data  on  the  vehicle  with  and  without  the  OEM 
catalytic  converter;  and  to 

5)  Determine  catalytic  converter  efficiency  after  operating  for  a long  period  of  time 
on  100  percent  REE. 

6.2  Materials  and  Methods 

The  emissions  tests  were  conducted  at  the  LAMTA  ETF  located  in  Los  Ajigeles, 
California.  This  facility  has  instrumentation  to  measure  all  regulated  emissions;  total 
hydrocarbons  (HC),  carbon  monoxide  (CO),  carbon  dioxide  (CO,),  nitrogen  oxides  (NOx), 
and  particulate  matter  (PM).  The  ETF  provides  quality  assurance  test  results  and  calibrations 
in  accordance  with  California  Air  Resources  Board  (CARB)  quality  assurance 
recommendations,  (Dunlap,  1994). 

6.2.1.  Facilities 

The  ETF  is  equipped  with  a single  1 .83  m (6  ft ) diameter  roll  chassis  dynamometer 
capable  of  testing  single-axle  or  dual-axle  vehicles  from  2,268  kg  (5,000  lbs)  to  45,360  kg 
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(100,000  lbs)  GVW.  The  facility  is  controlled  by  a computerized  vehicle  emissions  testing 
system  (VETS)  that  interfaces  an  exhaust  sampling  dilution  tunnel,  analyzer  and  computer 
sofnv'are  with  the  sampling  and  analysis  of  the  exhaust  gas  emissions.  The  facility,  emissions 
sampling  hardware  and  integral  software  were  designed  and  built  to  meet  the  requirements  of 
the  Code  of  Federal  Regulations  (CFR)  Title  40,  Part  86,  "Control  of  air  pollution  from  new 
and  in-use  motor  vehicles  and  new  and  in-use  motor  vehicle  engines;  Certification  and  test 
procedures".  The  VETS  is  designed  to  perform  exhaust  emissions  sampling  and  analysis  to 
the  requirements  of  the  CFR  for  both  compression  ignition  (Cl)  (diesel  cycle)  and  spark 
ignition  (SI)  (Otto  cycle)  engines.  The  system  permits  the  testing  of  vehicles  over  a variety 
of  standardized  operating  conditions  called  drive  cycles  and  a variety  of  vehicle  load 
conditions. 

6.2.2.  Emissions  Analyzers 

Dunlap  (1993)  describes  the  test  facility  as  follows: 

The  ETF's  analytical  system  is  composed  of  seven  emissions  analyzers.  The 
hydrocarbon  (HC)  analyzer  uses  the  principle  of  hydrogen  flame  ionization  to  measure 
hydrocarbons,  and  includes  a complete  Heated  Flame  Ionization  Detector  (HFID).  This 
analyzer  offers  proven  reliability  for  diesel  testing  where  high-boiling  hydrocarbons  are 
present. 

Nitrogen  oxides  (NOx)  are  measured  using  a chemiluminescent  analyzer  which 
monitors  the  chemiluminescent  reaction  of  ozone  (O3)  with  nitric  oxide  (NO).  This  analyzer 
measures  a wide  range  of  NO  and  nitrogen  dioxide  (NO,)  concentrations  with  negligible 
interference  from  other  gas  components.  The  analyzer  is  equipped  with  an  ozone  generator. 
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which  prod’ices  ozone  (O3)  for  the  reactions  with  oxygen,  or  air  using  an  ultraviolet  ozone 
generating  method. 

Carbon  monoxide  (CO)  and  Carbon  dioxide  (CO,)  are  measured  using  non-dispersive 
infrared  (NDIR)  detection.  The  ETF  analytical  bench  is  equipped  with  a total  of  four  NDIR 
analyzers  and  is  therefore  able  to  measure  both  low  and  high  concentrations  of  CO  and  CO,. 

Oxygen  (O,)  concentrations  are  measured  during  raw,  or  non-dilute,  testing  using  a 
magnetopneumatic  sensing  method.  The  analyzer  provides  an  accurate  and  continuous 
determination  of  0,  with  negligible  interference  from  other  gaseous  components. 

PM  is  collected  during  the  entire  test  cycle  by  diverting  a portion  of  the  exhaust 
through  a secondary  dilution  tunnel,  which  contains  collecting  filters.  The  filters,  which  have 
been  conditioned  and  weighed  prior  to  testing  per  the  CFR  requirements,  are  re-weighed  after 
the  testing  is  completed  to  determine  the  amount  of  PM  emissions  in  grams.  The  PM  weight 
data  are  transferred  to  the  VFTS  software  where  the  grams  per  mile  PM  emissions  data  are 
generated  based  on  exhaust  flow  through  the  filters  for  the  applicable  test. 

It  is  noteworthy  that  the  analyzers  and  equipment  at  the  FTF  functioned  as  expected 
and  no  problems  were  noted  for  the  duration  of  the  program. 

6.2.3.  Test  Vehicle  Installation 

The  vehicle  had  accumulated  5,955  km  (3,700  mi.)  at  the  time  of  the  first  test  and 
139,466  km  (86,660  mi.)  at  the  time  of  the  second  test.  The  weight  used  during  the  coast 
down  and  testing  was  3,692  kg  (8,140  lb.).  The  vehicle  was  driven  from  Moscow,  Idaho,  to 
Los  Angeles,  California,  on  100  percent  RFF  fuel  for  testing.  Temperature  and  pressure 
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sensors  were  instrumented  to  the  test  vehicle  engine  and  exhaust  systems  so  that  specified 
vehicle  operating  conditions  could  be  monitored  during  testing. 

The  engine  was  not  modified  in  any  way  for  use  with  the  vegetable  oil  fuels.  The  fuel 
delivery  system  was  modified  for  convenience  of  changing  fuels  between  test  runs.  Fuel 
deliver>'  and  fuel  return  lines  were  broken  so  that  quick  couplers  could  be  installed. 

Individual  19-liter  (5-gallon)  fuel  tanks  were  modified  with  fuel  filter  and  flexible  lines 
which  could  be  connected  to  the  quick  couplers.  During  normal  operation,  fuel  is  delivered 
and  returned  to  the  vehicle  tank.  During  testing  the  lines  were  disconnected  from  the  main 
tank  and  connected  to  the  external  lines  to  which  the  correct  test  fuel  was  connected.  For  the 
tests,  the  fuel  filter  assembly  mounted  on  the  engine  was  removed  and  replaced  with  an 
aluminum  block  with  internal  connecting  ports.  This  block  was  necessaiy^  to  minimize  the 
volume  of  fuel  in  the  system  when  a fuel  switch  was  required.  Each  tank  of  fuel  had  an 
individual  fuel  filter  mounted  on  the  tank. 

Timed  practice  sessions  with  fuels  of  different  colors  showed  that  a minimum  of  20 
seconds  was  required  for  the  return  lines  to  be  clear  of  the  previous  fuel.  During  actual 
testing,  the  return  line  was  directed  to  a waste  fuel  tank  while  the  engine  was  operated  for  40- 
50  seconds  at  which  time  the  return  line  was  directed  back  into  the  test  fuel  tank.  The  low 
standard  deviations  in  emissions  data  between  tests  of  the  same  fuel  is  indicative  of  the 
success  of  the  procedure  for  changing  fuels. 

6.2.4.  ETF  Quality’  Assurance 

Standard  operational  quality  assurance  (QA)  is  conducted  in  accordance  with  the 
California  Air  Resources  Board  (CARB)  recommended  practices.  This  includes  gas  analyzer 
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six-point  calibration,  NO,  converter  efficiency  test,  CVS  injection,  CO,  interference,  and  HC 
hang-up  checks.  Additional  equipment  checks  and  QA,  such  as  analyzer  zero/span  and 
analyzer  purge  and  back-flush,  are  performed  at  the  beginning  and  the  conclusion  of  each 
emissions  test.  Due  to  the  extended  length  of  the  tailpipe  system  to  the  dilution  tunnel 
connection,  a set-up  test  drive  cycle  was  conducted  as  part  of  the  QA  for  this  program.  This 
was  conducted  to  verify  the  analyzer  system  operations  and  time  delay  and  corrections  were 
made  as  necessary. 

6.2.5.  Test  Data  Analysis 

Emissions  test  data  in  units  of  grams  per  mile  (gm'^mile)  are  generated  through  the 
VETS  for  HC,  CO,  NO,,  CO,,  and  PM.  Fuel  economy  (FE)  estimates  were  calculated  and 
reported  as  described  below.  Three  tests  were  completed  for  each  fuel  blend  during  both 
phases  of  vehicle  configuration  testing.  The  exhaust  emission  data  are  recorded  and  reported 
through  the  VETS.  It  is  noteworthy  that  no  anomalies  were  observed  and  no  driver  error 
occurred  during  any  phase  of  this  test  program.  The  same  driver  and  data  collection  staff 
w'ere  used  in  both  sets  of  tests. 

6.2.6.  Test  Cycle 

The  EPA  Urban  Dynamometer  Driving  Schedule  for  Heavy-Duty  Vehicles  was  used 
as  the  test  cycle  for  both  the  1995  and  1998  tests.  The  EPA  cycle  has  a total  time  of  1060 
seconds  and  is  shown  graphically  in  Figure  6-1. 
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Figure  6-1.  EPA  Urban  Dynamometer  Driving  Schedule  for  Heavy  Duty  Vehicles. 


6.2.7.  Road  Load  Simulation 

In  order  to  measure  the  emissions  of  a vehicle  during  operation,  the  actual  driving 
conditions  of  the  vehicle  on  the  road  must  be  simulated  on  the  dynamometer.  The 
dymamometer  control  system  must  simulate  the  force  that  would  act  on  the  vehicle  if  it  were 
travelling  on  the  road.  This  force,  or  Road  Load  (RL),  is  defined  by  the  Equation  6-1,  below , 
(Dunlap,  1994.). 


RL  = Fq  + F,  V + FjV"  + mg  sin  (grad) 


(eq.  6-1) 


where; 

RL  = Road  Load  (force  at  roller  surface) 

Fq  = Coefficient  of  friction  force  - independent  of  velocity 

F,  = Coefficient  of  friction  force  - dependent  on  velocity 

Ft  = Coefficient  of  windage  force  (Drag  coefficient) 

n = Velocity  exponent 

V = Velocity  at  the  roller  surface 
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I - Vehicle  Inertia  (D>no  inertia  plus  appropriate  amount  of  inertia  as 

simulated  by  the  control  system) 

‘‘Vjt  = Acceleration 

m = Vehicle  Mass 

g = Acceleration  due  to  gravity 

grad  = Gradient  in  percent  (%) 


The  EPA  and  Arterial  test  cycles  do  not  include  any  gradients  (uphill  or  downhill) 
therefore,  the  Road  Load  equation  becomes  Equation  6-2,  shown  below. 


RL  = Fo  + F,V  + F^V"  + I'V,, 


(eq.  6-2) 


To  aid  in  the  development  of  a set  of  coefficients,  University  of  Idaho  personnel 
conducted  coast  down  evaluations  of  the  test  vehicle  in  Idaho  prior  to  the  scheduled  ETF  test 
date.  The  results  of  this  evaluation  are  presented  in  Figure  6-2. 
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Figure  6-2.  Coast  down  data  for  the  1995  Dodge  used  in  the  emissions  test. 
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Based  on  the  coast  down  data,  LAMTA  personnel  developed  a set  of  coefficients  as  a 
starting  point  for  road  load  model  development.  Once  the  vehicle  was  installed  on  the 
dynamometer,  coast  downs  were  conducted  and  the  model  was  refined  to  match  the  a\  erage 
on-road  data.  This  refinement  process  was  necessary-  to  "factor  out"  the  internal 
dynamometer  resistance.  The  coefficients  developed  for  this  program  for  the  1995  Dodge 
were  Fq  = 120  lbs.,  F,  = 0.75  Ibs/mph,  F2  = -0.0075  Ibs/mph'  and  I = 8,140  lbs.  Road 
gradient  was  0 degrees  throughout  the  tests. 

6.2.8.  Fuels  Tested 

Fuels  tested  during  the  course  of  the  two  years  tests  included; 

(1)  Phillips  2D  low-sulfur  diesel  reference  fuel  (DIESEL  or  2-D); 

(2)  100  percent  rapeseed  ethyl  ester  (lOOREE); 

(3)  50  percent  REE  - 50  percent  diesel  (50REE); 

(4)  20  percent  REE  - 80  percent  diesel  (20REE); 

The  REE  was  produced  in  the  Biological  and  Agricultural  Engineering  Laboratory  at 
the  University  of  Idaho  using  Dwarf  Essex  industrial  rapeseed.  Fuel  characterization  data  are 
provided  in  Table  6-1  on  the  following  page. 
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Table  6-1.  Fuel  Characterization  Data 

50%  REF/ 
50%  2-D 

20%  REE/ 
80%  2-D 

100%  REE 

.05  Control 
2-D 

Conradson  Carbon,  % 

0.02 

0.02 

0.02 

NA* 

Ash,  % 

0.003 

0.003 

0.004 

.01 

Sulfur,  % 

0.016 

0.029 

<0.005 

.036 

Carbon,  % 

83.02 

84.53 

82.15 

86.75 

Hydrogen,  % 

12.90 

12.99 

12.58 

13.25 

Oxygen,  % by  diff. 

4.06 

2.43 

5.25 

- 

Nitrogen,  ppm 

25 

41 

2 

NA 

Cetane  Rating 

54.2 

51 

56.9 

46.5 

Flash  Pt.,  PMCC,  % 

179 

167 

256 

165 

Particulate  Matter,  mg/L 
Total 

1.02 

0.40 

4.4 

8 

Non-Combustible 

0.6 

0.18 

1.82 

Copper  Corrosion 
3 hrs.  @ 122°F 

Slight  tarnish. 

Slight  tarnish. 

Slight  tarnish. 

Slight  tarnish. 

lA 

lA 

lA 

lA 

Phosphorus,  ppm 

<0.004 

0.014 

0.015 

- 

Free  Glycerin,  wt.  % 

NA 

NA 

0.000 

- 

Monoglycerides,  wt  % 

NA 

NA 

o.ooot 

- 

Diglycerides,  wt  % 

NA 

NA 

0.051 

- 

Triglycerides,  wt  % 

NA 

NA 

0.000 

- 

Total  Glycerin,  wt  % 

NA 

NA 

0.008t 

- 

t The  C.  Plank  method  used  for  this  determination  under  reports  the  amount  of  total  glycerin 
in  ethyl  esters  because  of  co-elution  of  ethyl  esters  and  monoglycerides. 

* NA  = Not  Available 


6.2.9.  Vehicle  Instrumentation 

The  test  vehicle  \vas  installed  on  the  chassis  dynamometer  in  accordance  with  typical 
ETF  practice.  A total  of  six  pressure  and  temperature  sensors  were  installed.  The  test 
sensors  were  oil  pressure  at  the  oil  filter  adapter  housing,  boost  pressure  at  manifold,  exhaust 
temperature  at  tailpipe  adapter,  fuel  temperature  at  pump  inlet,  coolant  temperature,  and  inlet 
air  temperature. 
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6.2.10.  Fuel  Mass  Flow  Rate 


Fuel  consumption  was  determined  by  direct  weighing.  The  fuel  containers  were 
placed  on  an  electronic  scale  accurate  to  the  nearest  .02  pound.  The  weight  of  fuel  was  read 
at  the  start  and  end  of  each  test.  During  the  first  test,  this  method  had  considerable  error  due 
to  vibrations  set  up  by  running  the  truck  because  of  the  direct  fuel  line  connection  between 
the  portable  fuel  tank  on  the  scales,  the  fuel  delivery  and  return  lines  and  engine  connections. 
For  the  second  test,  a bracket  was  made  to  tie  the  fuel  lines  down  to  the  fuel  stand  to 
eliminate  the  vibrations  that  would  affect  the  scale  readings  while  the  engine  was  running. 

6.2.11.  Test  Design 

Access  to  the  test  facility  was  scheduled  for  one  week  during  which  time  all  testing 
had  to  be  completed.  All  runs  for  each  fuel  were  tested  in  one  group  to  reduce  the  “drift”  of 
particulates  through  the  dilution  tunnel.  The  drift  was  important  because  toxicity  studies  were 
to  be  performed  on  the  particulate  samples  and  residual  soot  particles  from  previous  runs 
could  skew  those  results.  This  had  the  additional  benefit  of  reducing  the  amount  of  time 
spent  changing  fuels  and  helped  reduce  the  amount  of  waste  fuel  from  line  flushing.  Ideally, 
fuels  would  have  been  randomized,  but  the  concerns  with  particulate  drift  between  tests  with 
a high  diesel  concentration  to  one  with  high  biodiesel  concentration  did  not  allow  for  this. 

The  tests  performed  in  1995  and  1998  are  outlined  in  Tables  6-2  and  6-3. 
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Table  6-2.  Emissions  Tests  Performed,  1995 
Block  l:With  the  Catalytic  Converter: 

Cold  Start  - 100%  REE,  100%  REE,  100%  REE,  100%  REE,  Diesel 
Diesel,  Diesel, 

Cold  Start  - Diesel,  20%  REE,  20°/o  REE  20%  REE,  50%  REE, 

50%  REE,  50%  REE,  100%  REE 
Block  2: Without  the  Catalytic  Converter 

Cold  Start  - 100%  REE,  100%  REE,  100%  REE,  100%  REE,  Diesel 
Diesel,  Diesel, 

Cold  Start  - Diesel,  20%  REE,  20%  REE  20%  REE,  50%  REE, 

50%  REE 


Table  6-3.  Emissions  Tests  Performed,  1998 
Block  l:With  the  Catalytic  Converter: 

Cold  Start  - 100%  REE,  100%  REE,  100%  REE,  100%  REE,  Diesel 
Diesel,  Diesel, 

Cold  Start  - Diesel,  20%  REE,  20%  REE  20%  REE,  50%  REE, 

50%  REE,  50%  REE,  100%  REE 
Block  2:Without  the  Catalytic  Converter 

Cold  Start  - 100%  REE,  100%  REE,  100%  REE,  100%  REE,  Diesel 
Diesel,  Diesel, 

Cold  Start  - Diesel,  20%  REE,  20%  REE  20%  REE,  50%  REE, 

50%  REE,  50%  REE,  Diesel 


6.2.12.  Test  Procedure 

Although  currently  there  are  no  standardized  test  procedures  for  heavy-duty  vehicle 
chassis  dynamometer  emissions  testing,  the  ETF  has  integrated  the  applicable  requirements 
and  guidelines  of  CFR  40,  Part  86,  Subpart  B,  "Emission  Regulations  for  1977  and  Later 
Model  Year  New  Light-Duty  Vehicles  and  New  Light-Duty  Trucks;  Test  Procedures"  and 
Subpart  N,  "Emissions  Regulations  for  New  Otto-Cycle  and  Diesel  Heavy-Duty  Engines; 
Gaseous  and  Particulate  Exhaust  Test  Procedures."  Specific  test  programs  may  vary  from 
these  guidelines  as  dictated  and  noted  by  the  customer  contract. 
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The  test  procedure  was  as  follows: 

1 . The  test  fuel  delivery  tube  was  connected  to  the  input  line  and  the  return  line  was 
connected  to  the  waste  tank.  The  engine  was  started  and  run  for  50  seconds. 

2.  The  engine  was  stopped  and  the  return  line  was  connected  to  the  test  fuel 
tank. 

3.  The  vehicle  was  operated  under  load  until  the  operating  temperatures  stabilized. 

4.  The  test  was  started  and  the  cycle  completed. 

5.  WTiile  the  technicians  were  taking  data,  weighing  particulate  filters,  etc.,  the  fuel 
system  was  switched  to  the  next  fuel  to  be  tested. 

Tests  were  conducted  on  March  20-24,  1995,  and  May  26-29,  1998.  Twenty-eight 
EPA  cycles  including  4 cold  start  tests  (one  each  morning)  were  completed  in  1995.  Thirty- 
one  EPA  cycles  including  4 cold  start  tests  were  completed  in  1998. 

6.3  Results  and  Discussions 

The  only  data  presented  in  this  paper  are  the  emissions  tests  providing  comparisons 
between  the  different  fuels  tested  in  1995  and  again  in  1998.  Data  points  were  archived  every 
1 -second  during  the  test.  Average  and  total  values  were  calculated  for  cycles,  phases,  and 
overall.  Thus  the  potential  exists  for  additional  analysis  of  test  data.  A general  overview  of 
the  1995  test  compared  to  the  1998  test  is  shown  in  Figures  6-3  through  6-8.  With  the 
exception  of  PM,  exhaust  emissions  were  generally  lowest  with  100  percent  REE  when 
compared  to  diesel. 

HC  emissions  generally  decreased  as  the  percentage  of  REE  was  increased  in  the  fuel 
blend.  The  mean  average  emissions  for  HC  for  both  the  1995  and  1998  tests  both  with  and 
without  the  catalytic  converter  are  shown  graphically  in  Figure  6-3. 
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CO  emissions  decreased  as  the  percentage  of  REE  was  increased  regardless  of  the 
vehicle  test  configuration.  In  1995,  the  decrease  was  less  dramatic  when  increasing  from 
50REE  to  lOOREE.  CO  emissions  for  both  1995  and  1998  tests  with  and  without  the 
catalytic  converter  are  shown  graphically  in  Figure  6-4. 
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Figure  6-3.  1995  and  1998  data  for  HC  for  the  EPA  cycle  and  various  blends  of  diesel 

and  REE. 
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Carbon  Monoxide  (CO) 
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Figure  6-4.  1995  and  1998  data  for  CO  for  the  EPA  cycle  and  various  blends  of  diesel 

and  REE. 


NO^  emissions  decreased  as  the  percentage  of  REE  was  increased  with  the  catalytic 
converter  installed  on  the  vehicle.  However,  in  1995,  NO,^  emissions  increased  from  the 
20REE  to  50REE  when  the  vehicle  was  tested  without  the  catalyst  installed.  NO^  emissions 
for  both  1995  and  1998  with  and  without  the  catalytic  converter  are  shown  in  Figure  6-5. 

The  percentage  of  REE  had  no  significant  effect  on  CO.  emissions.  CO.  emissions 
for  both  1995  and  1998  with  and  without  the  catalytic  converter  are  shown  graphically  in 
Figure  6-6. 
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Figure  6-5.  1995  and  1998  data  for  NO,  for  the  EPA  cycle  and  various  blends  of  diesel 

and  REE. 
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Figure  6-6.  1995  and  1998  data  for  CO2  for  the  EPA  cycle  and  various  blends  of  diesel 

and  REE. 


PM  emissions  generally  increased  as  the  REE  percent  concentration  was  increased 
regardless  of  the  vehicle  test  configuration.  However,  PM  emissions  were  higher  with  the 
exhaust  catalyst  removed  from  the  test  vehicle,  indicating  the  effect  of  the  catalytic  converter. 
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PM  emissions  for  both  1995  and  1998  without  the  catalytic  converter  are  shown  graphically 
in  Figure  6-7. 


Particulate  Matter  (PM) 


Figure  6-7.  1995  and  1998  data  for  PM  for  the  EPA  cycle  and  various  blends  of  diesel 

and  REE. 


Figure  6-8  shows  the  fuel  use  data  obtained  by  direct  weighing.  Fuel  use  increased  as 
the  REE  percent  concentration  was  increased  regardless  of  the  vehicle  test  configuration. 

This  was  expected  due  to  the  lower  energy  content  of  the  ester  fuels.  Fuel  use  in  the  1998 
tests  was  significantly  higher  than  the  1995  tests.  There  was  no  obvious  reason  for  the 
increase  in  fuel  use,  but  because  the  power  was  measured  at  the  wheels,  several  factors, 
including  increased  drive  train  resistance,  could  have  caused  this  difference. 
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Figure  6-8.  1995  and  1998  fuel  consumption  data  for  the  EPA  cycle  with  various  blends 

of  diesel  and  REE. 

In  both  tests,  comparisons  were  made  between  blends  of  rapeseed  oil  ethyl  ester  and 
diesel  reference  fuel  with  and  without  the  catalytic  converter.  Rapid  comparisons  are 
provided  in  the  following  tables  and  any  desired  absolute  value  can  be  found  through 
multiplication.  For  clarity.  Figures  6-3  through  6-8  were  provided  to  give  an  overview  of  the 
data  trends. 

6.3.1.  Analysis  of  1995  Emissions  Data 

The  data  collected  in  1995  for  each  of  the  regulated  emission  compounds  are  shown 
in  Tables  6-4  through  6-7.  The  results  shown  in  the  tables  are  for  diesel  reference  fuel,  20 
percent  REE,  50  percent  REE  and  100  percent  REE.  Tables  4 and  6 are  in  grams/mile  and 
Tables  6-5  and  6-7  are  normalized  by  dividing  by  the  diesel  level.  For  example,  diesel/diesel 
is  shown  as  1 .0  and  the  other  fuels  are  relative  to  diesel.  Thus,  HC  for  100  percent 
REE/diesel  is  0.364,  or  100  percent  REE  is  about  36  percent  of  that  from  diesel. 
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Table  6-4.  1995  Emissions  Data,  EPA  Cvcie,  with  catalytic  converter 


(gm/mile) 


i 

HC 

CO  No.\ 

C02 

PM 

Diesel 

0.763a 

3.600a 

6.697a 

663.503a 

0.101b 

20REE 

0.637b 

2.960b 

6.457b 

668. 147a 

0.129a 

50REE 

0.480c 

2.490c 

6.243c 

666.547a 

0.142a 

lOOREE 

0.278d 

2.405c 

6.153c 

677.483a 

0.127a 

Average 

0.540 

2.864 

6.387 

668.920 

0.125 

'Numbers  in  the  same  column  followed  by  t 


le  same  letter  of  the  alphabet  are  not 


significantly  different  according  to  Fischer's  protected  LSD  comparison. 


Table  6-5.  1995  Emissions  Data,  EPA  Cycle,  with  catalytic  converter,  ratios 

(blend  value/diesel) 


HC 

CO 

Nox 

C02 

PM 

Diesel 

1.000a 

1.000a 

1.000a 

1.000a 

1.000b 

20REE 

0.834b 

0.822b 

0.964b 

1.007a 

1.278a 

50REE 

0.628c 

0.692c 

0.932c 

1.005a 

1.403a 

lOOREE 

0.364d 

0.668c 

0.919c 

1.021a 

1.255a 

*Numbers  in  the  same  column  followed  by  the  same  letter  of  the  alphabet  are  not 
significantly  different  according  to  Fischer's  protected  LSD  comparison. 


Table  6-6.  1995  Emissions  Data,  EPA  Cycle,  no  catalytic  converter 

(gm/mile) 


HC 

CO 

Nox 

C02 

PM 

Diesel 

0.854a 

3.683a 

6.747a 

669.540ab 

0.184b 

20REE 

0.712b 

3.033b 

6.240b 

646.550b 

0.195b 

' 50REE 

0.483c 

2.400c 

6.550a 

687.050a 

0.249a 

: lOOREE 

0.324d 

2.403c 

5.913c 

654.813b 

0.261a 

j Averages 

0.593 

2.880 

6.363 

664.488 

0.222 

^Numbers  in  the  same  column  followed  by  t 

le  same  letter  of  the  alphabet  are  not 

significantly  different  according  to  Fischer's  protected  LSD  comparison. 


Table  6-7.  1995  Emissions  Data,  EPA  Cycle,  no  catalytic  converter,  ratios 


(blend  value/diesel) 


HC 

CO 

Nox 

C02 

PM 

Diesel 

1.000a 

1.000a 

1.000a 

l.OOOab 

1.000b 

20REE 

0.834b 

0.824b 

0.925b 

0.966b 

1.059b 

^50REE 

0.565c 

0.652c 

0.971a 

1.026a 

1.352a 

lOOREE 

0.380d 

0.652c 

0.876c 

0.978b 

1.420a 

*Numbers  in  the  same  column  followed  by  the  same  letter  of  the  alphabet  are  not 
significantly  different  according  to  Fischer's  protected  LSD  comparison. 
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6.3.2.  Analysis  of  1998  Emissions  Data 


The  data  collected  in  1998  for  each  of  the  regulated  emission  compounds  are  shown 
in  Tables  6-8  through  6-10.  The  results  shown  in  the  tables  are  for  diesel  reference  fuel,  20 
percent  REE,  50  percent  REE  and  100  percent  REE.  Tables  6-8  and  6-10  are  in  grams/mile 
and  Tables  6-9  and  6-11  are  normalized  by  dividing  by  the  diesel  level. 


Table  6-8.  1998  Emissions  Data  for  Rapeseed  Ethyl  Ester,  EPA  Cycle,  with  catalytic 

converter  (gm/mile) 


HC 

CO 

Nox 

C02 

PM 

Diesel 

0.753a 

3.298a 

7.943a 

767.168a 

0.097b 

20REE 

0.695b 

2.773b 

7.547b 

776.527a 

0.125a 

50REE 

0.522c 

2.160c 

7.250bc 

756.307a 

0.122a 

lOOREE 

0.290d 

1.763d 

7.188c 

766.858a 

0.108b 

Averages 

0.565 

2.498 

7.482 

766.715 

0.113 

^Numbers  in  the  same  column  followed  by  t 

tie  same  letter  o 

" the  alphabet  are  not 

significantly  different  according  to  Fischer's  protected  LSD  comparison. 


Table  6-9.  1998  Emissions  Data,  EPA  Cycle,  with  catalytic  converter,  ratios 


(blend  value/diesel) 


HC 

CO 

Nox 

C02 

PM 

Diesel 

1.000a 

1.000a 

1.000a 

1.000a 

1.000b 

20REE 

0.922b 

0.841b 

0.950b 

1.012a 

1.283a 

50REE 

0.693c 

0.655c 

0.913bc 

0.986a 

1.257a 

lOOREE 

1 

0.385d 

0.534d 

0.905c 

1.000a 

1.109b 

*Numbers  in  the  same  column  followed  by  f 


le  same  letter  of  the  alphabet  are  not 


significantly  different  according  to  Fischer's  protected  LSD  comparison. 


Table  6-10.  1998  Emissions  Data  for  REE,  EPA  Cycle,  no  catalytic  converter 


(gm/mile) 


HC 

CO 

Nox 

C02 

PM 

Diesel 

0.858a 

3.133a 

7.773a 

749.273a 

0.172b 

20REE 

0.671b 

2.263b 

7.553b 

753.913a 

0.173b 

50REE 

0.551c 

2.030b 

7.197c 

754.357a 

0.230a 

lOOREE 

0.316d 

1.733c 

7.133c 

753.580a 

0.232a 

Averages 

0.599 

2.290 

7.414 

752.781 

0.202 

*Numbers  in  the  same  column  followed  by  the  same  letter  of  the  alphabet  are  not 
significantly  different  according  to  Fischer's  protected  LSD  comparison. 
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Table  6-11.  1998  Emissions  Data,  EPA  Cycle,  no  catalytic  converter 


(blend  value/diesel) 


HC 

CO 

Nox 

C02 

PM 

Diesel 

1 

1.000a 

1.000a 

o 

o 

o 

1.000a 

1.000b 

20REE 

0.782b 

0.723b 

0.972b 

1.006a 

1.007b 

50REE 

0.642c 

0.648b 

0.926c 

1.007a 

1.338a 

lOOREE 

0.369d 

0.553c 

0.918c 

1.006a 

1.348a 

*Numbers  in  the  same  column  followed  by  t 

le  same  letter  o 

' the  alphabet  are  not 

significantly  different  according  to  Fischer's  protected  LSD  comparison. 

6.3.3.  Comparison  of  1995  vs.  1998  With  and  Without  the  Catalytic  Converter 


Tables  6-12  and  6-13  shows  the  comparison  of  the  1995  and  1998  tests;  the  numbers 
shown  are  the  ratio  of  1995  divided  by  1998  for  the  EPA  cycle  for  all  test  fuels  with  the 
catalytic  converter.  There  was  a significant  difference  between  the  1995  and  1998  emissions 
levels  for  most  fuels. 


Table  6-12.  1995  and  1998  Comparison,  EPA  Cycle,  with  catalytic  converter 


(ratio  1995/1998;  a number  of  1 indicates  equal  values  each  year) 


HC 

CO 

Nox 

C02 

PM 

Diesel 

1.013 

1.092* 

0.843* 

0.865* 

1.041 

20REE 

1 

0.917* 

1.067* 

0.856* 

0.860* 

1.037 

50RJEE 

0.919* 

1.153* 

0.861* 

0.881* 

1.161* 

lOOREE 

0.959 

1.365* 

0.856* 

0.883* 

1.178* 

^Numbers  followed  by  an  asterisk  imply  a significant  difference  between  1995  and  1998  for 
that  comparison  according  to  Fischer's  protected  LSD  (p  <0.05). 


Table  6-13. 1995  and  1998  Comparison,  EPA  Cycle,  no  catalytic  converter 


(ratio  1995/1998;  a number  of  1 indicates  equal  values  each  year) 


HC 

CO 

NOx 

C02 

PM 

Diesel 

0.995 

1.176* 

0.868* 

0.894* 

1.072 

20REE 

1.061* 

1.340* 

0.826* 

0.858* 

1.127* 

50REE 

0.876* 

1.182* 

0.910* 

0.911* 

1.083* 

1 lOOREE 

1.025 

1.387* 

0.829* 

0.869* 

1.129* 

*Numbers  followed  by  an  asterisk  imply  a significant  difference  between  1995  and  1998  for 


that  comparison  according  to  Fischer's  protected  LSD  (p  <0.05). 
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6.3.4.  Comparison  of  Catalytic  Converter  vs.  No  Catalytic  Converter 


Tables  6-14  and  6-15  shows  the  comparison  of  the  1995  and  1998  test  data  with  and 
without  the  OEM  catalytic  converter  for  the  same  fuels  as  reported  in  the  other  tests.  The 
catalytic  converter  reduced  HC  and  PM  emissions,  with  PM  emissions  being  most  heavily 
affected. 


Table  6-14.  Comparison  of  1995  EPA  cycle  with  and  without  catalytic  converter 
(ratio  With  ConverterAV^ithout  Converter;  a number  of  1 indicates  no  change) 


HC 

CO 

NOx 

C02 

PM 

Diesel 

0.894* 

0.977 

0.993 

0.991 

0.549* 

20REE 

0.895* 

0.976 

1.035* 

1.033* 

0.663* 

50REE 

0.994 

1.038 

0.953* 

0.970* 

0.570* 

lOOREE 

0.857* 

1.001 

1.040* 

1.035* 

0.485* 

*Numbers  followed  by  an  asterisk  imply  a significant  difference  between  with  the  catalytic 
converter  and  without  the  catalytic  converter  for  that  comparison  according  to  Fischer's 
protected  LSD  (p  <0.05). 


Table  6-15.  Comparison  of  1998  EPA  cycle  with  and  without  the  catalytic  converter 
(ratio  With  ConverterAVithout  Converter;  a number  of  1 indicates  no  change) 


HC 

CO 

NOx 

C02 

PM 

Diesel 

0.878* 

1.053 

1.022 

1.024 

0.565* 

20REE 

1.035 

1.225* 

0.999 

1.030* 

0.720* 

50REE 

0.947 

1.064 

1.007 

1.003 

0.531* 

lOOREE 

0.917 

1.017 

1.008 

1.018 

0.465* 

^Numbers  followed  by  an  asterisk  imply  a significant  difference  between  with  the  catalytic 
converter  and  without  the  catalytic  converter  for  that  comparison  according  to  Fischer's 
protected  LSD  (p  <0.05). 


6.3.5.  Comparison  of  Cold  Start  vs.  Hot  Start  Tests 

In  1995  and  1998,  one  cold  start  test  was  conducted  each  test  day.  Two  cold  start 


tests  were  conducted  with  the  catalytic  converter  and  two  without  the  catalytic  converter. 
Tables  6-16  and  6-17  are  relative  comparisons  between  the  cold  start  data  and  the  hot  start 


data  for  each  of  the  fuels  tested. 


64 


Table  6-16.  Comparison  of  1995  EPA  cycle  cold  and  hot  starts. 
(Average  of  with  and  without  catalytic  converter.) 

(ratio  1995  Cold  Start/1995  Hot  Start;  a number  of  1 indicates  no  change) 


HC 

CO 

NOx 

C02 

PM 

Diesel 

1.326 

2.042 

0.951 

1.139 

2.074 

REE 

1.961 

1.947 

1.359 

1.147 

1.665 

Average 

1.643 

1.994 

1.155 

1.143 

1.870 

*lnsufficient  c 

ata  for  statistical  comparison 

Table  6-17.  Comparison  of  1998  EPA  Cycle  cold  and  hot  starts. 
(Average  of  with  and  without  catalytic  converter.) 

(ratio  1998  Cold  Start/1998  Hot  Start;  a number  of  1 indicates  no  change) 


HC 

CO 

NOx 

C02 

PM 

Diesel 

2.386 

2.336 

1.084 

1.122 

2.815 

REE 

2.114 

1.622 

1.054 

0.803 

1.749 

Average 

2.250 

1.979 

1.069 

0.963 

2.282 

*Insufficient  data  for  statistical  comparison's 


6.3.6.  General  Obser\  ations  for  Emissions  Data 

These  data  show  a significant  reduction  in  HC,  CO,  and  NOx  as  percent  of  vegetable 
oil  is  increased  and  a non-significant  increase  in  PM.  The  PM  data  had  the  most  variability 
of  the  data  and  an  examination  of  the  raw  data  shows  that  there  is  scatter  sufficient  to 
neutralize  differences. 

These  data  show  that  HC  levels  for  lOOREE  were  reduced  by  more  than  60  percent 
compared  to  the  2-D  levels  and  CO  levels  for  lOOREE  were  reduced  by  more  than  50  percent 
compared  to  the  2-D  levels.  The  CO2  showed  no  significant  differences  for  any  fuel  tested. 
NOx  was  generally  decreased  with  increasing  ester.  PM  generally  increased  with  increasing 
ester  in  the  fuel  blend. 

It  has  generally  been  found  that  the  fatty  acid  esters  increase  NOx  and  decrease  PM; 
however  in  these  tests,  generally  speaking,  the  reverse  was  true.  One  might  speculate  that 
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this  trend  is  due  to  the  fatty  acid  constituents  of  rapeseed  esters  tested  or  that  it  is  a 
characteristic  of  this  particular  engine.  Also,  most  other  emissions  tests  involving  esters  used 
a PTO  engine  test  cycle  instead  of  a chassis  test.  Cycle  differences  and  test  condition 
differences  between  the  driving  cycle  and  the  PTO  cycle  could  possibly  influence  NOx 
formation.  In  either  case,  the  results  were  consistent  for  both  years  of  testing. 

The  catalytic  converter  had  a consistently  significant  effect  on  the  PM  and  HC 
emissions,  reducing  PM  by  approximately  50  percent  for  lOOREE.  It  is  interesting  to  note 
that  the  efficiency  of  the  OEM  catalytic  converter  was  not  affected  by  the  long-term  use  of 
ethyl  esters  in  this  engine. 


6.4  Conclusions 

Specific  conclusions  of  the  emissions  study  are: 

1 . HC  and  CO  decreased  as  the  percentage  of  REE  was  increased.  PM  generally 
increased  with  increased  REE  and  there  was  no  statistically  significant  change  in  CO, 
for  any  of  the  fuels.  HC  decreased  nearly  linearly  with  blend  of  biodiesel,  while  CO 
had  most  of  its  decrease  in  the  0-50  percent  blend  range. 

2.  NOx  decreased  as  the  percentage  of  REE  was  increased  in  the  fuel  with  the  exception 
of  the  50  percent  REE  data  point  in  1995  without  a catalytic  converter. 

3.  HC  emissions  for  lOOREE  were  only  36  percent  of  diesel  in  1995  and  39  percent  of 
diesel  in  1998  with  the  catalytic  converter  installed.  HC  emissions  for  lOOREE  were 
38  percent  of  diesel  in  1995  and  37  percent  of  diesel  in  1998  without  the  catalytic 
converter  installed.  HC  emissions  were  only  slightly  affected  by  the  presence  of  the 
catalytic  converter. 

4.  CO  emissions  for  lOOREE  were  only  67  percent  of  diesel  in  1995  and  53  percent  of 
diesel  in  1998  with  the  catalytic  converter  installed.  Without  the  catalytic  converter 
installed,  lOOREE  emissions  were  65  percent  of  diesel  in  1995  and  55  percent  of 
diesel  in  1998.  CO  is  not  significantly  affected  by  the  catalytic  converter. 

5.  NOx  emissions  for  lOOREE  were  reduced  to  92  percent  of  diesel  in  1995  and  91 
percent  of  diesel  in  1998  with  the  catalytic  converter  installed.  NOx  emissions  were 
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reduced  to  88  percent  of  diesel  in  1995  and  92  percent  of  diesel  in  1998  without  the 
catalytic  converter  installed. 

6.  CO2  emissions  were  not  significantly  different  for  fuels  tested  in  1995  or  1998,  but 
CO2  emissions  were  significantly  different  between  1995  and  1998  tests  for  the  same 
fuels.  CO2  production  is  a factor  of  the  quantity  of  fuel  used  and  carbon  chain  length 
of  the  molecule. 

7.  PM  emissions  for  lOOREE  compared  to  diesel  were  increased  26  percent  in  1995  and 
1 1 percent  in  1998  whth  the  catalytic  converter  installed.  Without  the  catalytic 
converter  installed,  PM  emissions  for  lOOREE  were  42  percent  higher  than  diesel  in 
1995  and  35  percent  higher  than  diesel  in  1998.  Overall,  the  catalytic  converter 
reduced  PM  by  over  50  percent  for  lOOREE.  The  catalytic  converter  had  more  effect 
on  REE  PM  emissions  than  the  emissions  from  any  other  fuel. 

8.  Cold  start  data  were  limited,  but  they  show  that  HC,  CO,  and  PM  seemed  to  increase 
more  for  diesel  cold  starts  than  REE  cold  starts  compared  to  hot  starts  with  the  same 
fuel. 

9.  Fuel  consumption  increased  by  14  percent  from  1995  to  1998. 


In  this  study,  NOx  was  lower  and  PM  was  higher  with  biodiesel  when  compared  to 
100  percent  diesel.  This  contradicts  many  previous  engine  tests  with  biodiesel  which 
typically  show'  NOx  emissions  from  biodiesel  higher  with  a corresponding  decrease  in  PM. 
This  critical  difference  may  be  due  to  the  type  of  dynamometer  tests  performed.  This  test 
w'as  a chassis  driving  test  where  the  vehicle  is  rarely  driven  at  or  near  100  percent  of  its 
maximum  power  or  torque.  This  is  due  to  the  high  power  to  weight  ratio  on  a pickup  truck  as 
compared  to  a heavy  duty  truck.  The  FTP  for  engine  or  PTO  dynamometer  testing  outlines 
the  procedure  to  “map”  the  engine’s  maximum  torque  and  power.  The  specified 
dynamometer  target  points  on  the  cycle  are  then  derived  from  these  maximum  values.  As  a 
result,  the  engine  dynamometer  test  loads  the  engine  near  its  maximum  load  more  often 
resulting  in  a different  emissions  profile.  The  higher  NOx  and  reduced  PM  from  biodiesel 
tested  with  an  engine  dynamometer  is  due  to  this  higher  loading. 
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7 OVERALL  SUMMARY  AND  CONCLUSIONS 


Summaries  and  conclusions  of  each  of  the  previous  sections  of  this  report  are 
summarized  below. 

7.7  Fuel  Production  and  Quality  Assurance 

The  fuel  used  for  the  test  is  Canola  Ethyl  Ester  (CEE).  The  base  canola  oil  for  this  fuel 
was  supplied  by  Koch  Agri-Services  of  Great  Falls,  Montana.  It  was  an  off-spec  oil  which 
was  deemed  unsuitable  for  human  consumption.  The  esters  were  produced  with  ethanol  from 
waste  potatoes  provided  by  the  J.R.  Simplot  Company  of  Caldwell,  Idaho.  The  fuel  was 
delivered  in  a total  of  7 lots  of  about  3000-3800  liters  (800-1000  gallons)  each  over  a period 
of  two  years  in  1040  liter  (275  gallon)  totes.  The  total  amount  of  fuel  delivered  was  23,076 
liters  (6,096  gallons).  The  fuel  was  stored  in  a 37,850  liter  (10,000  gallon)  storage  tank  at 
Mammoth  Hot  Springs.  Each  batch  of  fuel  delivered  to  the  Park  Service  was  analyzed  for 
quality  and  consistency  with  a summary  presented  in  Table  3-1. 

7.2  Engine  Performance  Testing 

Performance  of  the  engine  varied,  but  the  vehicle  did  not  experience  a sustained 
reduction  in  power  over  time.  Vehicle  testing  also  showed  that  REE  has  slightly  less  power 
than  diesel  which  is  expected  due  to  the  lower  energy  of  the  REE  fuel  per  volume.  Cylinder 
compression  varied  from  450  psi  to  500  psi,  but  individual  cylinders  didn’t  vary  by  more 
than  7 percent  of  the  average  for  that  particular  test.  The  injector  valve  opening  pressures 
tended  to  decrease  over  time.  Intermountain  Cummins  also  reported  lower  than  normal 
injector  valve  opening  pressures.  Bosch  reported  that  valve  opening  pressures  were  low,  but 
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not  abnormal  for  the  mileage  of  the  engine.  The  borescope  inspections  did  not  show  any 
evidence  of  excessive  coking  or  premature  wear  of  the  engine. 

7.3  Engine  Teardown  and  Durability  Analysis 

Results  of  the  engine  oil  analysis,  engine  teardown  inspection,  engine  component 
measurement,  and  fuel  pump  evaluations  indicate  that  the  engine  did  not  experience 
excessive  wear  or  deterioration  ai  a result  of  using  CEE  as  a fuel.  Four  oil  tests  showed 
significantly  lower  viscosity  than  the  other  tests.  This  was  due  to  fuel  diluting  the  lube  oil 
through  a cracked  0-ring  in  the  injector  pump.  Oil  change  intervals  were  shortened  by  about 
1600  km  (1000  miles)  to  solve  this  condition.  Overall,  the  engine  appeared  to  be  in  excellent 
condition  with  individual  component  conditions  considered  better  than  or  equivalent  to 
diesel.  All  critical  engine  measurements  were  within  the  published  specification  as  printed  in 
the  Dodge  Truck  service  manual.  Bosch  found  the  internal  pump  components  to  be  in  good 
or  very  good  condition. 

7.4  Engine  Emissions 

HC  and  CO  decreased  and  PM  increased  as  the  percentage  of  REE  was  increased.  NOx 
generally  decreased  as  the  percentage  of  REE  increased.  Fuel  consumption  increased  by  14 
percent  from  1995  to  1998.  CO2  emissions  were  not  significantly  different  for  different  fuels 
tested  in  1995  or  1998,  but  CO2  emissions  were  significantly  different  between  1995  and 
1998  tests  for  the  same  fuels  which  coincides  with  the  increase  in  fuel  consumption.  Cold 
start  data  were  limited,  but  it  shows  that  HC,  CO,  and  PM  seemed  to  increase  more  for  diesel 
cold  starts  than  REE  cold  starts  compared  to  hot  starts  with  the  same  fuel.  There  was  no 
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deterioration  of  the  catalytic  converter’s  efficiency  with  the  use  of  biodiesel  over  long 
periods  of  time. 

In  this  test,  NOx  was  lower  and  PM  was  higher  with  biodiesel  when  compared  to  100 
percent  diesel.  This  contradicts  many  previous  engine  tests  with  biodiesel  which  typically 
show  NOx  emissions  from  biodiesel  higher  with  a corresponding  decrease  in  PM.  This 
critical  difference  may  be  due  to  the  type  of  dynamometer  tests  performed.  This  test  was  a 
chassis  driving  test  where  the  vehicle  is  rarely  driven  at  or  near  100  percent  of  its  maximum 
power  or  torque.  This  is  due  to  the  high  power  to  weight  ratio  on  a pickup  truck  as  compared 
to  a heavy  duty  truck.  The  FTP  for  engine  or  PTO  dynamometer  testing  outlines  the 
procedure  to  “map”  the  engine’s  maximum  torque  and  power.  The  specified  dynamometer 
target  points  on  the  cycle  are  then  derived  from  these  maximum  values.  As  a result,  the 
engine  dynamometer  test  loads  the  engine  near  its  maximum  load  more  often,  resulting  in  a 
different  emissions  profile.  The  higher  NOx  and  reduced  PM  from  biodiesel  tested  with  an 
engine  dynamometer  is  due  to  this  higher  loading. 
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Appendix  A 

Fuel  delivery  trip  reports 
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Date 

Summary 

April  3, 1995 

Daryl  Reece  and  Chuck  Peterson  left  Moscow,  Idaho 
and  traveled  to  Bozeman,  Montana  and  stayed  the  night. 

April  4,  1995 

Drove  to  Mammoth,  Wyoming  and  transferred  Biodiesel 
from  totes  to  the  Park  Service  Biodiesel  fuel  tank. 

Picked  up  tools  and  supplies  from  LAMTA  trip.  Drove  to 
Helena,  Montana  and  stayed  the  night. 

April  5,  1995 

Attended  the  project  kickoff  on  the  Montana  State 
Capitol  building  grounds.  Chuck  Peterson  flew  to 
Moscow,  Idaho.  Daryl  Reece  drove  to  Great  Falls, 
Montana,  Koch  Agri  Services  and  loaded  three  totes  and 
2 55-gallon  drums  with  degummed  rapeseed  oil  for  a 
total  of  845  gallons.  Drove  to  Moscow,  Idaho. 
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Date 
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Summary 

June  1,  1995 

Todd  Hustrulid  left  Moscow,  Idaho  with  800  gallons  of 
Biodiesel  and  traveled  to  Livingston,  Montana  and 
stayed  the  night 

June  2,  1995 

Todd  Drove  to  Mammoth,  Wyoming  and  dropped  off  the 
trailer  with  800  gallons  of  Biodiesel.  Todd  went  to  a 
wedding  and  the  Park  Service  unloaded  525  gallons  of 
Biodiesel. 

June  5,  1995 

Todd  picked  up  the  trailer  with  the  remaining  225 
gallons  of  fuel  and  drove  to  Moscow,  Idaho. 
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Trip  Summary  Report  #3 


Date 

Summary 

July  12,  1995 

Daryl  Reece  and  Jeffrey  Taberski  left  Moscow, 
Idaho  and  travelled  to  Gardiner.  Montana  and 
stayed  the  night. 

Ju'y  13,  1995 

Drove  to  Mammoth,  Wyoming.  Filled  the 
Biodiesel  storage  tank  located  at  the  YNP  Service 
_ Garage.  Transferred  the  remaining  Biodiesel  to 
the  Park  Service’s  10,000  gallon  storage  tank. 
Drove  to  Moscow,  Idaho. 

Total  distance; 
Biodiesel  Delivered: 

1108  miles. 
880  gallons. 

Trip  Summary  Report  #4 


Date 

Summary 

July  20.  1995 

Jeffrey  Taberski  and  Joe  Thompson  left  Moscow, 
Idaho  and  travelled  to  Gardiner,  Montana  and 
stayed  the  night. 

July  21,  1995 

Drove  to  Mammoth,  Wyoming  and  transferred 
Biodiesel  from  three  totes  to  the  Park  Service’s 
10,000  gallon  storage  tank.  Drove  to  Moscow, 
Idaho. 

Total  distance; 
Biodiesel  Delivered: 

1162  miles. 
825  gallons. 
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Trip  Summary  Report  #5 


Date 

Summary 

August  6,  1 995 

Daryl  Reece  and  Jeffrey  Taberski  left  Mosco\a/, 
Idaho  and  traveled  to  Mammoth,  Wyoming, 
leaving  the  fuel  trailer  at  the  Park  Service 
maintenance  facility.  Drove  to  Billings,  Montana 
and  stayed  the  night. 

August  7,  1995 

Met  with  Jim  Evanoff  at  Tractor  & Equipment  in 
Billings,  Montana  to  perform  dynamometer, 
injector,  compression,  and  borescope  tests  on  the 
Park  Service's  '95  Dodge  truck.  Stayed  the  night 
in  Billings,  Montana. 

August  8,  1995 

Attended  the  Big  Sky  AFV  Conference  & Expo  in 
Billings,  Montana  where  the  '95  Dodge  was  on 
display.  Picked  up  the  University's  '94  Dodge 
truck  and  drove  back  to  Mammoth,  Montana  to 
unload  three  totes  and  two  55-gallon  drums  of 
Canola  Ethyl  Ester  for  a total  of  935  gallons. 
Daryl  Reece  drove  to  Deer  Lodge,  Montana  and 
stayed  the  night.  Jeffrey  Taberski  drove  to 
Moscow,  Idaho. 

August  9,  1995 

Daryl  Reece  drove  to  Moscow,  Idaho. 

Total  distance: 
Biodiesel  Delivered: 

1387  miles. 
935  gallons. 
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To:  Howard  Haines 

Bioenergy  Engineer 

Montana  Department  of  Envirorvnentai  Quality 

From:  C.L.  Peterson,  Professor 

Daryl  Reece,  Biodiesel  Engineer 
Jeffrey  Taberski,  Graduate  Student 

Date:  May  29, 1996 

Subject  Trip  and  fuel  delivery  report 


Trip  Report 


Date  Summary 

May  19, 1996  Daryl  Reece  left  Moscow  with  the  94  Dodge  Pickup  and  trailer 
with  3 totes  and  2 barrels  of  fuel  (933  gallons).  Jeffrey 
Taberski  and  Brian  HammorKi  left  Moscow  with  the  92  Ford 
Pickup  ar)d  2 barrels  of  fuel  (108  gallons). 


May  20, 1996  Assist  with  preparatioris  for  confererx»,  “Cornrnerciallzation  of 
Biodiesel:  Envirorvnentai  and  Health  Benefits.”  in  Mammoth 
Hot  Springs,  Yellowstone  National  Park. 

Transferred  473  gallons  of  fuel  to  the  Park  Service’s  1 0,000 
gallon  storage  tank. 

May  21,1 996  Attended  confererK» 


May  22, 1996  Attended  conference 

Transfened  200  gallons  of  fuel  to  the  '95  Dodge’s  onboard 
storage  tank,  and  350  gallons  to  the  Con  Vault  tank  at  the 
maintenance  garage. 

May  23, 1 996  Brian  Harrvnorxi  left  for  Moscow  via  Boise,  Idaho. 

Daryl  Reece  left  for  Moscow  via  Caldwell,  Idaho. 

Jeffrey  Taberski  left  for  and  arrived  in  Moscow  with  arx)ther 
party. 
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May  24, 1996  Daryl  Raece  arrived  in  Moscow. 

Brian  Hammond  arrived  in  Moscow. 


Fuel  Delivery  Report 

'92  Ford  F-250  Biodiesel  Truck 
Fuel  delivered:  2 bbl®54gal/bbl 

Total  fuel  delivered:  108  gallons 

Total  miles  travelled:  1566  miles 

*94  Dodoe  2500  Biodiesel  Tmck 

Fuel  delivered:  (3  totesQ275galAote  + 2bbl(354  gal/bbi) 

Total  fuel  delivered:  933  gallons 

Total  miles  travelled:  1602  miles 
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To;  Howard  Haines 

Bioenergy  Engineer 

Montana  Department  of  EnvironmentaJ  Quality 

From:  C.L.  Peterson,  Professor 

Jeffrey  Taberski,  Graduate  Student 

Date:  October  28,  1996 

Subject:  Trip  and  fuel  delivery  report 


Date  Summary 

10/4/96  Jeff  Taberski  left  Moscow,  arrived  in  Gardiner,  MT  and  stayed  the  night. 

10/5/96  Jeff  Taberski  traveled  to  Mammoth  Hot  Springs  and  pumped  820  gallons  of 

Biodiesel  into  the  main  10,000  gallon  storage  tank.  He  then  left  for  Moscow,  ED. 
Jeff  Taberski  arrived  in  Moscow,  ID. 


Delivery  Vechicle  Used: 
Total  Miles  Driven: 
Total  Fuel  Delivered: 


1994  Dodge  Biodiesel  pickup 
1125  miles 
820  gallons 
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Appendix  B 

Fuel  Properties  Reports 


• Phoenix  Chemical  Labs 

• Diversified  Laboratories 
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Telephone  312  772  3577 
FAX  NO  706-864  7356 


MARKED 


Pkoenix  Ckemicdl  Lakoraiorj,  I 

FUEL  AND  LUBRICANT  TECHNOLOGISTS 


nc. 


RECEIVED  FROM 


SAMPLE  OF 


^95  ^ SHAKESPEARE  AVENUE 

CHICAGO.  ILL.  60647-349' 

April  24,  1995 


University  of  Idaho 
JML  85 

Moscow,  ID  83844-2040 
Rapeseed  Ethyl  Ester  (REE)  (on  2 

Lot  1 Yell owstone 


IjABORATORY  NO. 

5 4 10  44 


Water  & Sediment,  X 

0.01 

Ramsbottom  Carbon, 

as  received  (Note  1 ) 

0.062 

Ash,  X 

0.01  1 

Sulfur,  X 

0.022 

Cetane  Rating  (ASTM 

D613) 

59.5 

Copper  Corrosion,  3 

hrs  • 122®F 

slight  tarni 

Karl  Fischer  Water, 

ppm 

757 

Particulate  Matter, 

mg/L 

Tot  al 

2.44 

Non-combust i bl e 

0.40 

Nitrogen,  ppm 

14 

Carbon,  X 

77.15 

Hydrogen,  X 

9.52 

Oxygen,  X (by  diffe 

rence ) 

Iodine  No. 

97.5 

Distillation  (ASTM  1 

D86) 

Temperature,  < 

1 A 


Initial  Boiling  Point 
5X 
1 0% 


«F 

440 

570 

Distillation  discontinued 
due  to  cracking 


Note  1;  R-carbon  run  as  received  because  sample  was 
non-disti 1 lable. 


/ Arthur  A.  Krawetz 
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telephone  312-772-3577 
FAX  NO  708-664-7356 


Pk  oenix  Ckemicd  1 Lak  oraiorj,  Inc. 

FUEL  AND  LUBRICANT  TECHNOLOGISTS 
SHAKESPFARF  AVFNUt 

CHICAGO,  ILL.  6U647-M9' 


July  11,  1 995 


RECEIVED  FROM  University  of  Idaho 
JML  85 

Moscow,  ID  83844-2040 

SAMPLE  Ol-  Rapeseed  Ethyl  Ester  (REE)  (on  2)  LABORATORY  NO 


MARKED 


Lot  2 Yel lowstone 


5 6 9 27 


Water  & Sediment,  % T race ( <0 . 005 ) 

Ramsbottom  Carbon,  as  received  (Note  1)  0.05 


Ash , % 

Sulfur,  % 

C>3tane  Rating  (ASTM  D613) 
Copper  Corrosion,  3 hrs  • 122' 
Karl  Fischer  Water,  ppm 

Particulate  Matter,  mg/L 
Tot  al 

Non-combust i bl e 

N i t rogen , ppm 
Ca-bon,  X 
Hydrogen,  % 

Oxvgen,  % (by  difference) 
Iodine  No. 

Distillation  (ASTM  D86) 
Initial  Boiling  Point 
5% 


0.003 

0.019 

58.4 

F si i ght  tarni sh  1A 

795 


1 .97 
0.56 

5 

78.16 

12.42 

9.42 

94.8 

Temperature,  “F 

510 

Distillation  discontinued 
due  to  cracking 


NcLe  1;  R-carbon  run  as  received  because  sample  was 
non-di still  able . 


Arthur  A.  Krawetz 
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telephone  3 1 2 772-3577 
FAX  No  708-864-7356 


Pkoenix  Ckemicdl  LaLoraiorj.  I 

FUEL  AND  LUBRICANT  TECHNOLOGISTS 


nc. 


SHAKF^SPEARE  AVENUE 

CHICAGO,  ILL.  60647-349'^ 

August  11,  1995 


RECEIVED  FROM 

University  of  Idaho 
JML  85 

Moscow,  ID  83844-2040 

SA.MPLE  OF 

Rapeseed  Ethyl  Ester  (REE) 
(on  2 ) _ 

LABORATORY  N'O 

5 7 25  35 

MARKED 

Lot  3 Yellowstone 

Water  & Sediment,  % 

Ramsbottom  Carbon,  % 

Ash  , % 

Sulfur,  % 

Get  ane  Rating 

Copper  Corrosion 
(3  hrs.  @ 122°F) 

Karl  Fischer  Water,  ppm 

Particulate  Matter,  mg/L 
total 

non-combust i b 1 e 
Nitrogen,  % 

Carbon,  % 

Hydrogen,  % 

Oxygen,  % (by  difference) 
Iodine  No . 


Nil  (<0.005) 

0 . 069 
0 . 002 
<0 . 005 
56.9 

Slight  Tarnish  1A 
1 090 

1 . 00 
0 . 03 

0 . 0031 

77.31 

9 . 45 

13.24 

1 09 
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Telephone  312-772-3577 
FAX  No  700-064  7356 


RECEIVED  FROM 


Pkoenix  CLemicdl  LdLoralory,  Inc. 

FUEL  AND  LUBRICANT  TECHNOLOGISTS 
SHAKESPEARE  AVENUE 

CHICAGO.  ILL.  6U64'-3497 

August  11,  1995 

University  of  Idaho 


SAMPLE  OF 
MARKED 


Rapeseed -Et hy  1 Ester  (REE)  LABORATORY  NO 
(on  2)  ' 

5 7 25  35 

Lot  3 Yellowstone 

Cont  page  2 of  2 


Distillation  (ASTM  D86) 

Distillation  Temperature,  °F 


Initial  Boiling  Point 

570 

5% 

610 

1 0* 

620 

20% 

634 

30% 

640 

40% 

645 

50% 

650 

60% 

Not  e 

Note:  Distillation  discontinued  due  to  cracking. 
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Tcu*imON»  3 1 2-T72-3S77 
TAX  NO.  700^04-7399'-f  ' 


Pk  oeiiix* 


emre 


real  ..Lakoratory,  1 


/rr,/0:  ■ ■; 

■DfH?  (I  ea 

nc. 


FUEL  AND  LUBRJCANT  TECHNOLOGISTS 
)9)5  SHAJUSPEAU  AVENUE 

CHICAGO,  ILL.  60647-3497 
November  3 , 1 995 


RECEIVED  FRO.M 

University  of  Idaho 
AG  Engr  050-K200  4ie946 
Moscow,  ID  83844-2040 

SAMPLE  or 

Canola  EthyLEstar  (CEE) 

LARORATORY  NO. 
5 9 22  6C 

MARKED 

Yel lowstone  »4 

Water  S Sediment,  % 
Ramsbottom  Carbon,  % 

Ash  , 

Sulfur,  X 

Cetane  Rating 

Copper  Cofros-lon 

(3  hrs.  O 122«F) 

Karl  Fischer  Water,  ppm 

Particulate  Matter,  mg/L 
total 

non-combustible 
Carbon,  % 

Hy  tj  r oy«rn  , % 

Oxygen,  % (by  difference) 
Iodine  No. 


•: . u 2 
C.0  7 

o.ooc 

Trace  (<0.0051 
55.3 

Slight  Tarnish  tA 
1 103 

3.90 

<0,01 

77.10 

9 . SO 

J 3 . 1 

113.7 
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TtlXFHOwC  3 J t T7a-»ST7  . » 
FAX  NO.VoM64-733« , 

oenlx  Ck  eniicdl--^La 

FUEL  At^  LUBRICANT  TEaiNOLOGCTS 
39JJ  3HAK*3PIAA£  AVENUB 

CHICAGO,  ILL.  60<>47-M97 
Nov*mb*r  3,  1995 


RECHIVED  FROM  University  of  Idaho 


SAMPLE  OF 
MARKED 


Canola  Ethyl  Ester  (CEE) 
Yel 1 owstone 


LABORATORY  NO 

5 9 22  6S 
Cont  page  2 of  2 


Vacuum  Distillation 
Distil  1 at  Ion 


OF  d 1.0  mm  Hg 


T empei'Qt  ur-e 
CF  Q 7C-0 


mm  ( 


Initial  Bolling  Point 
5X 
1 OX 
20% 

30X 

40X 

SOX 

60X 

70X 

20X 

90X 

End  Point 
Rece i ved 
Res i due 
Less 


300 

056 

335 

700 

335 

700 

336 

702 

342 

700 

342 

709 

342 

703 

342 

709 

342 

709 

344 

712 

347 

716 

459 

fi54 

94 . 5 

3 . 8 

1 . 7 

V 

rthur  A.-  Krawetz 
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Telephone  31 2-772  3577 
FAX  NO  70e-86A  7356 


Pk  oenix  Ckemicd  I Lat  oratory,  Inc. 

FUEL  AND  LUBRICANT  TECHNOLOGISTS 


SHAKESPEARE  AVENUE 


CHICAGO.  ILL.  60647-^49' 
November  13,  1995 


RECEIVED  FROM  University  of  Idaho 

AG  Engr  056-K200  416948 
Moscow,  ID  83844-2040 


SAMPLE  OF  Rapeseed  Ethyl  Ester  (REE) 


LABORATORY  NO. 


MARKED 


Yell owstone  #5 


5 8 30  22 


Water  & Sediment,  % 

Ramsbottom  Carbon,  % 

Ash  , * 

Sulfur,  % 

Cet  ane  Rat i ng 

Copper  Corrosion 
(3  hrs.  9 122°F) 

Karl  Fischer  Water,  ppm 

Particulate  Matter,  mg/L 
total 

non-combust i bl e 
Carbon,  % 

Hydrogen,  % 

Oxygen,  % (by  difference) 
Iodine  No. 

Nitrogen,  ppm 


n i 1 
0.054 
0.002 
<0.001 
55.2 

SI i ght  Tarni sh  1 A 
1 095 

0.89 

0.28 

77.07 

12.04 

10.89 

110.7 

1 4 
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telephone  312-772-3577 
FAX  NO  706-B64  7356 


RECEIVED  FROM 


Pkoenix  Ckemicdl  LdLoraiory.! 

FUEL  AND  LUBRICANT  TECHNOLCXSISTS 
SHAK£SPEARF.  AVENUh 

CHICAGO.  ILL.  60647-349^ 

November  13,  1995 

University  of  Idaho 


nc. 


SAMPLE  OF 
MARKED 


Rapeseed  Ethyl  Ester  (REE) 

Ye  1 1 owstone  #5 

Cont 


LABORATORY  NO 
5 8 30  22 
page  2 of  2 


Vacuum  Distillation 
Di St i 1 1 at  ion 


T empe  rat  u re 

oF  9 1.0  mm  Hg.  oF  9 760  mm  Hg. 


Initial  Boiling  Point 

1 64 

479 

5% 

296 

651 

1 OX 

331 

695 

20X 

332 

696 

30X 

334 

699 

40X 

334 

699 

50X 

335 

700 

60X 

337 

703 

70% 

342 

709 

80% 

345 

713 

90% 

350 

719 

95% 

359 

730 

End  Point 

406 

790 

Received 

96 . 0 

Res  1 due 

2 . 7 

Loss 

1 .3 

t2 


90 


Telephone  312-772-3577 
FAX  No  847-864-7356 


Pkoenix  Ckemical  Lako  ralory.  I 


nc. 


1 IT.L  AM)  I.LliRK.ANT  T1  CH \()I,( K;ibT s 
'V)  i SHAKI  SPl  ARI  Avr\ur 

CHICAGO,  ILL,  6u6-,~-^497 


June  25,  1996 

RECEIVED  FRO.M  University  of  Idaho 

Bio  & AG  Engr.  Peterson 
Moscow,  ID  83844-2060 

SAMPLE  OF  Biodiesel  Fue.1—  LABORAIORS  NO  6 6 5 2 

(CEE) 

MARKED  Yellowstone  #6 
5/7/96 


Water  & Sediment,  % (v/v) 
Ramsbottom  Carbon 
as  received,  X 
Ash , X 
Sulfur,  X 
Carbon,  X 
Hydrogen,  X 

Oxygen  X,  by  difference 
Nitrogen,  ppm 
Cetane  Rating 
Iodine  No. 

Particulate  Matter,  mg/L 
Tot  al 

Non-Combust i bl e 
Copper  Corrosion,  3 hrs.  • 1 
Phosphorus,  mg/L 


n i 1 

0.05 

0.003 

<0.005 

80.74 

12.25 

7.01 

78 

59.8 

111.0 

1 . 59 
0.51 

F s 1 i ght  tarnish,  1 A 

0.2 


Distillation 


Initial  Boiling  Point 
5X 
10X 


Temperature,  °F 

568 

590 

Distillation  discontinued 
due  to  cracking. 


Arthur  A.  Krawetz 
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Telephone  773-772-3577 
FAX  NO.  *47-664-7356 


RECEIVED  FROM 


SAMPLE  OF 


Pk  oenix  CLemiCdl  LaLoraiorj,  I 


nc. 


FUEL  AND  LUBRICANT  TECHNOLOGISTS 
\ SHANF^HFARE  AVF.NUE 

CHICAGO.  ILL  6u647-^49' 

December  3,  1996 


University  of  Idaho 
JML  74 

Moscow,  ID  83844-2060 

Biodiesel  Fuel 
(C£E) 


LABORATORY  NO 


611  1 5 42 


MARKED 


Yellowstone  #7 


Water  4 Sediment,  % 

Ramsbottom  Carbon 
as  r ece  1 ved , % 

•1  s A ^ " 

Sulfur,  X. 

C a f b o ^ , % 

H y a r ,3  e n , % 

Oiryge'"  % , by  difference 

Nit'"ogen,  ppm 

Cet  ane  Pat  1 no 
Iodine  No . 

Rant  1 col  ate  Mat  ten,  mg/L 
Tot  a 1 

'■on -Combust  i b ' e 

Ccpce  ■ Conrosion,  .3  hr=.  ® 122°F 
R n 'O  ~ p n.  O - ^ 5 , % 


Trace  (<0.005) 

0.00 
0.000 
<0 . 005 
73 . 03 
12.08 
9 . 84 
40 

53 . 9 
1 1 ■ . 3 

12.48 

3.36 

slight  tarnisn,  1A 

"c .002 


Distillation 


t‘a’  Boiling  Roint 
2-^ 


Temperat  ure , ° F 
240 

512 

Distillation  discontinue 
due  to  decomposition 


Arthur  A.  K rawe  t z 
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Date  faxed  ; 
Control  Number 


Diversified  Laboratories,  Inc. 

3ai0  CONCORDE  PARKWAY  • CHANTILLY.  VIRGINIA  22021  • f703)  222-8700 

Olfirtiftcate  nf  Analysis 


Submitted  by;  university  of  idaho 

Sample:  dp/  128463  biodiesel  fuel  REE  YELLOWSTONE  LOT  1 3-31-95 

Date  received;  4-10-95 

Analyses  requested;  total  glycerine,  free  glycerine,  monoglycerides, 

DIGLYCERIDES,  TRIGLYCERIDES,  FREE  FATTY  ACIDS, 
ETHYL  ESTER  CONTENT 


TOTAL  GLYCERINE: 

FREE  GLYCERINE: 
MONOGLYCERIDES: 
DIGLYCERIDES: 
TRIGLYCERIDES: 

FREE  FATTY  ACIDS: 
ETHYL  ESTER  CONTENT: 


2.03% 

1.21% 

LESS  THAN  0.50% 
1.66% 

1.33% 

0% 

96.83% 


9-12-95 


02586 


Authorized  Signature 


“^vwiju.  ^eitnci 
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Date  ^AIED; 
Control  Number 


Diversified  Laboratories,  Inc. 

3810  CONCORDE  PARKWAY  • CHANTILLY.  VIRGINIA  22021  • f703)  222-870C 

OlerlifiratE  of  Analysis 


Submitted  by:  tmiVERsiTY  of  Idaho 

Sample:  dp/  128530  REE  TELLOWSTONE  lot  2 5-31-95 

Date  received:  e-09-95 

Analyses  requested:  total  olycerime,  free  glycerine,  monoglycerides, 

DIOLYCERIDES,  TRIGLYCERIDES,  FREE  FATTY  ACIDS, 
ETHYL  ESTER  CONTENT 


TOTAL  GLYCERINE! 

0.39% 

FREE  GLYCERINE! 

0.14% 

MONOGLYCERIDES : 

0.22% 

D I GLYCERIDES: 

1.95% 

TRIGLYCERIDES: 

0.46% 

FREE  PATTY  ACIDS! 

0.64% 

ETHYL  ESTER  CONTENT! 

96.53% 

9-07-95 


04664 


Authorized  Signature 


Ph.D. 
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Date  fajced: 
Control  Number 


Diversified  Laboratories,  Inc, 

3810  CONCORDE  PARKWAY  • CHANTILLY.  VIRGINIA  22021  • (703)  222-8700 

Qlerlificaie  of  (Analysis 


Submitted  by:  xmivBRsiTy  of  idabo 

Sample:  dp#  134444  biodiesel  fuel  of  rapeseed  ethyl  7-I8-95 

Date  received:  8-01-95  "#^3 

Analyses  requested:  total  glycerine,  free  glycerine,  monoglycerides , 

OIGLYCERIDES,  TRIGLYCERIDES,  FREE  FATTY  ACIDS, 
ETHYL  ESTER  CONTENT 


TOTAL  GLYCERINE: 

FREE  GLYCERINE: 
MONOGLYCERIDES : 
DIGLYCERIDES: 
TRIGLYCERIDES: 

FREE  FATTY  ACIDS: 
ETHYL  ESTER  CONTENT: 


0.31% 

0.13% 

LESS  THAN  0.5% 
3.37% 

1.79% 

0.41% 

94.11% 


9-12-95 


08440 


p,D 

Authorized  Signature 


^Lwiju. 
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Diversified  Laboratories,  Inc. 

381 C CONCORDE  PARKWAY  • CHANTILLY,  VIRGINIA  22C21  • (703]  222-8700 

CHertificair  of  Analosis 

'n. 

Submitted  by:  xnriVKiisiTY  op  Idaho 

Sample:  thixowstokb  /«  po/  i4364i  9-15-95 

Date  received:  9-24-95 

Analyses  requested:  total  aLTCHRiMB,  prkh  olychrime,  monoolyczridbs, 

DIOLYCXRIOES,  TRIOLYCSRIDSS,  PRH£  FATTY  ACIDS 


FREE  FATTY  ACIDS: 

0.42% 

FREE  QLYCERlNBl 

0.20% 

MONOOLYCERIDES : 

TRACE 

DIOLYCERIDES: 

4.63% 

TRIGLYCERIDES t 

2.70% 

ESTERS : 

91.87% 

TOTAL: 

99.82% 

total  OLYCERIHE: 

4.09% 

Date  FAXEDi  1-24-96 

Control  Number 


PhD 

Authorized  Signature 


ly^iou^  ^ciuiex 
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Diversified  Laboratories,  Inc 


Date  TAXED : 
Control  Number 


3810  COICXinDE  PARKWAY  • CHAATTILLY.  VtRGINIA  22021  • (703)  222-870C 

(Hertiiicat£  nf  AruxlgsiB 


Submitted  by: 

UNIVERSITY  OF  IDAHO 

Sample:  dp/  139691  biodisei.  fuel  of  rapeseed  ethyi,  ester  ree) 

Date  received;  B-25-95 

Analyses  requested:  total  glycerine,  free  glycerine,  monoolycerides, 

DIGLYCERIOES,  TRIGLYCERIDES,  FREE  FATTY  ACIDS, 
ETHYL  ESTER  CONTENT 


TOTAL  GLYCERINE: 

0.54% 

FREE  GLYCtERINEx 

0.02% 

MONOGLYCERIDES: 

2.97% 

DIGLYCERIDES: 

3.40% 

TRIGLYCERIDES: 

2.21% 

FREE  FATTY  ACIDS: 

0.42% 

ETHYL  ESTER  CONTENT: 

90.43% 

CONTINUATION  OF  SAMPLE 

DESCRIPTION: 

YELLOWSTONE  #5 


8-04-95 


9-07-95 


07353 


Authorized  Signature 


tSfimfi 
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PiVERsmED  Laboratories,  Inc. 

M10  COKOKX  FAflKWAY  • CHANTTLIY,  Y1«3INU  2D1S1  • (TtB)  2ZZ<«7Q0 

dEiitfirziir  of  (Analysis 


Submitted  by;  tnnvEJLfiTy  or  zoako 

SampJe:  biodiesel  tvtl  sanfzjs  or  cawoia  etbil  esttb  (cee)  pot 

Date  received:  «-o7-9<  ^ 

Analyses  requested;  total  clycekinz,  nxx  ultcebiice,  MoarocLrcERiDEs , 

DrCLTCERIDES,  ULroLYCBRIDES,  FAEE  FATTY  ACIDS, 
PEBCENT  ESTER 


FREE  FATTY  ACIDS t 
FREE  OLycERlNE: 
MOKOCLTCERZDES : 
DIOLTCERIDES: 
TRIGLYCERIDES: 

ESTERS: 

TOTAL; 

TOTAL  CLYCERDfE; 
COMTIHOATZOH  OF  SAMPLE 


0.7S% 

0.21% 

TRACE 

4.43% 

1.60% 

92.S8% 

99.89% 

6.78% 

DESCRZPTIOlf ; 19  9422 


Oate  yAXED;  11-11-96 
Control  Number  17474 


f»h.D. 


^Cl 
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Appendix  C 

Truck  fuel  and  driving  log 
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YELLOWSTONE  NATIONAL  PARK  BIODIESEL  LOG  9/1/98 


MAINTENANCE 

WORK  DONE 

Put  150  gallons  in  Slip  tank 

|Trip  to  Casper  j 

Trip  to  Casper  1 

|Trip  to  Casper  | 

|Trip  to  Casper  | 

Trip  to  Casper 

|Trip  to  Casper  | 

iMammolh  to  Diversion  Lake,  WY  | 

|To  Fori  Colllins,  CO  | 

|AR  Denver  | 

]LV  Denver  AR  Longmont 

]LV  Longmont  AR  Rocky  Mtn  NP  | 

]LV  Rocky  Min  NP  AR  Lakewood  | 

1 Regional  Office  | 

Regional  Office  | 

Regional  Office  | 

LV  Denver  AR  Slioslione,  WY  | 

LV  Shoshone  AR  Mammoth  | 

Service  | 

jFilled  Aux  tank  for  AZ  1 rip  | 

]Fueled  - Bountiful,  UP  | 

jFueled  - Bear  Valley,  U T'  | 

]Fueled  - Kanab,  U I | 

Fueled  - Centerville,  U P | 

ISERVICE/Filled  Aux  tank  | 

Fueled  - Missoula,  Ml  | 

Fueled  - Moscow,  ID  | 

Fueled  - Jorden  Valley,  OR  | 

Fueled  - Sacramento,  CA  | 

Fueled  - Changed  tank  filter  | 

Fueled  - Laynta  Test  - Dyno  | 

< 

2 

1 

O 

n 

d 

“O 

a 

ll 

< 

3 

-o 

OIL 

QTS 

OUTSIUB 

AIR 

TEMP 

P.M. 

m 

00 

m 

s 

kn 

s 

o 

o 

00 

o 

AM. 

rsj 

00 

m 

m 

CN 

rvj 

<N 

Kn 

CN 

o 

m 

o 

TT 

Jrl 

o 

NO 

o 

'O 

s 

o 

'O 

s 

o 

to 

to 

NO 

c 

r- 

o 

ROAD 

SURFACE 

PAVED 

NO 

X 

YES 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

FUEL 

MPG 

13.7 

fN 

r^. 

iTj 

O 

1 11 -91 

- 

M 



oo 

1 M 

1 16.9] 

It'H  1 

1 LL^ 

\ZQZ  1 

I 16.2] 

M 

o 

2^ 

] 15.4] 

M 

^ 

1 12.2] 

oc 

AUX 

TANK 

j 5529.9 

\C 

vri 

1 5578. 1| 

rs 

S 

vri 

1 5646.81 

1 5663.8] 

1 5690.1] 

1 5716.7] 

1 57358] 

1 5763.3] 

] 5798.7] 

] 5822.6] 

] 5845.2] 

] 5861.9] 

1 5884.9] 

1 5911.5] 

1 5925.9] 

rn 

to 

O 

ITi 

1 5966.3] 

] 5990] 

] 6017] 

r*. 

r^. 

O 

d 

s 

GAL 

w-v 

1 20.6| 

ON 

rn 

pn 

1 29.51 

2^ 

1 

IL6I 1 

1 27^ 

1 22.3] 

1 __2T^ 

\9ZZ  1 

1 

Wzz  1 

2^ 

2M 

r^H.3] 

fO 

(N 

m 

1 23.7] 

1 ^-6] 

r4 

u: 

< 

Z 

I 79637  1 

1 79976  1 

80245 

1 80602  1 

1 80954  1 

1 81143  I 

oo 

OO 

] 81857  1 

1 81938  j 

00 

00 

00 

] 82005  1 

] 82084  j 

82104 

) 82121  ] 

1 82142  J 

] 82151  ) 

1 82567  ] 

1 82804  ] 

) 83121  ] 

1 83499] 

83770 

84022 

1 84360  1 

1 84732  J 

] 85093  J 

1 85354  1 

] 85717J 

] 86137  1 

r- 

NO 

00 

1 86887  1 

j 87225  1 

rn 

O 

cc 

O 

ac 
r- 
oc  • 

START 

O 

OA 

79637 

79976 

80245 

80602 

80954 

1 81143  ] 

81528 

81857 

81938 

81988 

] 82005  1 

82084 

82104 

] 82121  1 

] 82142  1 

82151 

82567 

82804 

83121 

83499 

83770 

84022 

84360 

] 84732  1 

85093 

] 85354  1 

] 85717  1 

ro 

oc 

] 86277  1 

86887 

to 

oc 

:^T 

^ ; 

oc  » 

8661 

DATE 

3/24/98  1 

3/30/98 

3/30/98 

3/30/98 

00 

ON 

4/3/98 

4/6/98 

4/15/98 

4/15/98 

4/16/98 

4/17/98 

4/19/98 

4/20/98 

4/21/98 

4/21/98  \ 

4/22/98 

4/23/98 

4/23/98 

4/26/98 

4/30/98 

5/4/98 

1 86/k/£  1 

OO 

\r\ 

5/8/98 

5/11/98 

5/15/98 

5/16/98 

5/17/98 

5/18/98 

OO 

OO 

to 

5/29/98 

5/30/98 

1 

oc 

O- 

n", 

to 

100 


YELLOWSTONE  NATIONAL  PARK  BIODIESEL  LOG  9/1/90 


MAINTENANCE 

WORK  DONE 

1 uelcd  - Jorden  Valley,  OR 

jl-ueled  - Spokane,  Aux  tank  pump  slopped  | 

iFuelcd  - Moscow,  ID  - Replaced  Aux  filler  | 

lEucled  - Moscow,  ID  | 

1 Fueled  - Deer  Lodge,  MT  | 

1 Fueled  - LV  Mammoth  for  Ml  | 

[Terry,  MT  | 

a 

z 

w 

E 

sr. 

'B 

[LV  Bisinark,  ND  AR  Jamestown,  Ml  | 

[Bellair,  MI  | 

[local  driving  | 

[Fueled  - Shanty  Creek  Bellaire,  Ml  | 

S 

Roadside  rest  area  - MN  | 

Dickinson,  SD  | 

Fueled  - Billings,  MT  | 

Mammoth  - Old  Faithful,  Fuelcd/Maiiunoth  | 

C 

QTS 

u: 

C a. 

to  oi  S 

P.M. 

f-  < in 
^ H 
O 

AM. 

s 

s 

sO 

vn 

o 

VO 

o 

so 

s 

s 

s 

in 

^ U Cl 
“ < in 

^ ^ > 
O q:  < 
a :j  a. 

NO 

LT. 

in 

>- 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

_i 

in 

in 

p 

i 

18.2 

O 

M 

1 H.2j 

|£’8  1 

1 23. 7| 

oc 

■rr 

r 11-21 

1 16.6] 

r M 

r M 

[ 12.3] 

[ 7.98] 

in 

AUX 

TANK 

1 60^ 

m 

ox 

O 

O 

|t’90l9  1 

1 ...A13> 

1 6156,4| 

1 6172.3] 

[9  0039  [ 

[ 6224.8] 

o 

<N 

O 

[ 6267.3] 

[ 6289.7] 

[ ^ 

[ 6337.1] 

[ 6363.7] 

[ 6390] 

[ 6409.7] 

GAL 

1 24. 5| 

m 

00 

1 ^ 

1 25.4| 

1 i5.8| 

[ 28. 3[ 

[ 24.2] 

<N 

[ 20.8] 

[ 22.5] 

[ 23.5] 

CN 

[ 26.6] 

1 2M 

] 19.7] 

in 

a 

< 

m 

i 

a 

z 

1 88287  1 

1 t'2C88  1 

88605 

1 88953  1 

1 89165  1 

[89540  1 

00 

00 

[ 90207  [ 

[ 90517  [ 

[ 90749  [ 

[ 90841  [ 

[ 91216  [ 

1 91549  1 

[ 91917  1 

[ 92017  1 

[ 92244  [ 

[ 92450  [ 

] 92554  ] 

START 

O 

s 

00 

1 88287  1 

88374 

88605 

1 88953  1 

1 89165  1 

89540 

00 

00 

1 90207  1 

90517 

90749 

[ 90841  [ 

91216 

91549 

[ 91917  [ 

[ 92017  [ 

[ 92244  1 

92450 

1998 

DATE 

00 

1 6/3/98 

6/4/98 

6/5/98 

6/5/98 

00 

00 

6/8/98 

[ 86/6/9  1 

6/9/98 

1 86/6/9  1 

[ 86/01/9  1 

00 

6/13/98 

6/14/98 

6/14/98 

6/15/98 

6/15/98 

6/23/98 
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YELL^/ZSTONE  NATIONAL  PARK  BIODItoEL  LOG  3/26/98 


I 9 


MAINTENANCE 

WORK  DONE 

Travel  around  Mainmutli 

O 

V. 

E. 

o 

cc 

.E- 

« 

o 

Dispensed  150  gallons  tnloslip  tank  I 

Left  for  Billings 

Return  from  Billings 
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Appendix  E 

Engine  Teardown  Report 
Critical  Engine  Measurements 
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ENGINE  TEARDOWN  WORKSHEET 
YELLOWSTONE  1995  DODGE 
July  1998 


Cylinder  Head 

Injectors 

less  carton  than  usual  aB  parts  - less  carbon  than  would 
be  expected  from  diesel 

Vaives 

normal  - do  not  need  grinding,  deposits  very  low 

Valve  Rotators 

OK 

Cam  Shaft 

slight  pitting  on  2 lobes,  others  not  a problem 
normal  wear,  OK 

Cam  Thrust  Plate 

slight  wear  around  outer  edge  • no  wear  on  inner  edge 

Rocker 

OK 

Pads 

OK 

Shafts 

OK 

Lever  Bores 

OK 

Botfies 

OK 

Push  Tubes 

Normal 

Tappets 

Some  very  slight  pitting  to  match  cam 

Head  Gasket 

good,  no  leakage,  no  coolant  no  blow  across 

Block 

Main  Bearings 

very  good,  no  wear 

Crankshaft 

slight  seep  of  oil  from  rear  main;  slightly  more  than  front 
Eceptionaily  good  journals,  very  slight  grooving  at  seals 

Pistons 

Clean,  some  deposits  on  top  land 

Rings 

Top 

even  wear  in  center,  no  contact  on  edges,  1 0%  each 

2nd 

25%  face  contact  dean 

Oil 

no  apparent  wear 

Piston  Pins 

no  wear,  normal 

Liners 

honing  marks  apparent  throughout  slight  deposit  on  top 
land  area 

Rods 

Rod  Bushings 

normal  to  no  wear 

Rod  Bearings 

sbil  in  specs  for  reuse  guidelines  but  do  show  nnore  than 
normal  marking  - somewhat  Bke  they  see  when  coolant 
gets  in  the  oO 
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Pumps 

Lube  Pump 

Some  wear,  normal 

WaterPump 

OK 

Fuel  Lift  Pump 

Rust  on  strainer  boH.  slight  sediment  on  screen 

Damper 

Normal 

Seats 

Front  Crank  Seal 

Nomial  - to  less  seepage 

Rear  Crank  Seal 

Normal  - to  some  seepage  from  rear  main 

Gears 

Cam 

Normal 

Crank 

Normal 

Fuel  Pump 

Normal 

Injection  Pump 

#€  had  heavy  engine  oil  surrouncfing  the  lower  end 
indicating  leakage -between  the  governor  and  the  pump 
#1  • had  a bad  upper  o-ring;  in  removing  the  other 
barrels  no  other  bad  o^ng  was  found 
They  afl  have  a slight  rusting  of  the  barrel 

Fuel  Line  Brackets 

Fuel  Lines 

Shut  Down  Solenoid 

Shut  Down  Solenoid  Bracket 

Exhaust  Manifold 

Exhaust  Manifold 

OK 

Turbo 

Good,  no  excess  end  play,  tight 

Exhaust  Gasket 

Good 

Intake 

Grid  Heater 

OK -looks  good 

Other 

Oil  Cooler 

Thermostat 

BehTensioner 
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Yellowstone  Pmrk  Dodge 

Cummins  5.9L  B En^ne 
Tcardown  Measurements 
8 October  1998 


P««c 

Nunc 

Maximum 

Minimum 

Cyftoder  (all  values  grven  in  inches) 

1 

2 

3 

4 

5 

6 

9-128 

9-144 

CyiiDder  bore 

102.1 16  mm 
(4.0203  inch) 

102.0  imn 
(4.0157  inch) 

4.0160 

4.0164 

4.0164 

4.0166 

4.0166 

4.0162 

Cylinder  Out- 
erround 

0.038  mm 
(0.0015  inch) 

0.0001 

0.0002 

0.0005 

0.0006 

0.0006 

0.0002 

Cylinder 

Taper 

0.76  mm 
(0.003  inch) 

0.0011 

0.0006 

0.0007 

0.0000 

0.0012 

0.0010 

9-131 

Intake  Valve 

Stem 

Diameter 

7.960  mm 
(03134  inch) 

7.935  mm 
(03126  inch) 

03132 

03133 

03132 

03131 

03132 

03132 

Intake  Valve 
Guide*  - bore 

8.089  mm 
(03185  inch) 

8.019  mm 
(03157  inch) 

03164 

03166 

03167 

03165 

0.3166 

03168 

9-131 

Exhaust 
Valve  Stem 
Diameter 

7.960  mm 
(03134  inch) 

7.935  mm 
(03126  inch) 

03132 

03133 

03132 

03133 

03134 

03133 

Exhaust 
Valve  Guides 
- bore 

8.089  nun 
(03185  inch) 

8.019  mm 
(03157  inch) 

03168 

03162 

03166 

03166 

03170 

03166 

9-142 

Camshaft 

journal 

53.962  mm 
(2.1245  indi) 

2.1258 

2.1259 

2.1260 

2.1261 

2.1260 

2.1260 

Valve  Lobe 
Height  - 
Intake 

47.040  mm 
(1.852  inch) 

1.8781 

1.8781 

1.8776 

1.8765 

1.8791 

1,8784 

Valve  Lobe 
Height  - 
Exhaust 

46.770  mm 
(1.841  tnefa) 

1.8517 

1.8517 

1.8510 

1.8492 

1.8498 

1.8505 

Lift  Pump 

Lobe 

Diameter 

35300  mm 
(1398  inch) 

1.4159 

Camshaft 

Bore 

Diameter 

54.133  mm 
(2.1312  inch) 

2.1311 

2.1300 

2.1301 

2.1298 

2.1294 

2.1296 

Tappet  Bore 
Diameter  - 
Intake 

16.055  mm 
(0.632  inch) 

0.6285 

0.6270 

0.6287 

0.6286 

0.6286 

0.6281 

Tappet  Bore 
Diameter- 

16.055  nun 
(0,632  inch) 

0.6300 

0.6294 

0.6295 

0.6296 

0.6297 

0.6296 
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Eihanat 

1 

9-149 

Piston  Sldrt 

101.823  mm 
(4.0088  inch) 

4.0107 

4.0103 

4.0106 

4.0105 

4.0105 

4.0103 

Piston  Pin 
Diameter 

39.990  mm 
(1.5744  inch) 

IJ745 

1.5745 

1.5745 

1.5745 

1.5745 

1.5745 

Piston  Pin 
bore 

40.025  mm 
(1.5758  inch) 

1J747 

1.5749 

1.5748 

1.5750 

1.5748 

1.5749 

Connecting 
rod  pin  bore 

40.042  mm 
(lJ764inch) 

1J748 

1.5750 

1.5748 

1.5750 

1.5751 

1.5751 

9-149 

ConxMcting 
rod  bore  (with 
bearings 
installed  and 
botta  tightened 
tol00N*m 
(73fUbi) 
torque 

record  smaller 
diameter 

2.7182 

2.7191 

2.7190 

2.7202 

2.7190 

2.7198 

9- 

150/1 

56 

Crankshail 
Rod  journal 

69.013  mm 
(2.717  inch) 

68.962  mm 
a?  15  inch) 

2.7178 

2.7174 

2.7175 

2.7167 

2.7166 

2.7179 

Out  of  round 

0.050  mm 
(0.002  inefa) 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

Taper 

0.013  mm 
(0.0005  inch) 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

Bearing 
Ckaranoe 
(calculated  by 
difToeocc) 

0.089  mm 
(0.0035  inch) 

0.0012 

0.0017 

0.0015 

0.0035 

0.0024 

0.0019 

Position  each  ring  in  the  cylinder  and  use  a piston  to  square  it  with  the  bore  at  a depth  of  89.0  mm  (3.5  inch)  and  then  measure  the 
ring  end  gap 

9-152 

Top 

0.700  mm 
(0.0275  inch) 

0.400  mm 
(0.0160  inch) 

0.020 

0.021 

0.021 

0.020 

0.021 

0.021 

Intermediate 

0.550  mm 
(0.0215  inch) 

0.250  mm 
(0.0100  inch) 

0.013 

0.013 

0.017 

0.017 

0.017 

0.017 

Oil  Control 

0.550  mm 
(0.0215  inch) 

0,250  mm 
(0.0100  inch) 

0.012 

0.015 

0.013 

0.015 

0.014 

0.014 

9-154 

Crankshaft 
Main  Journals 

83.013  mm 
(3.2682  inch) 

82.962  mm 
(3.2662  inch) 

3.2672 

3.2671 

3.2670 

3.2671 

3.2672 

3.2670 
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Table  E-1.  Engine  Teardown  Inspection  Notes. 


Component 

Condition 

Cylinder  Head 

Injectors 

Less  carbon  than  usual  on  all  parts,  less  carbon  than 
would  be  expected  from  diesel 

Valves 

Normal  - do  not  need  regrmdmg,  deposits  very  low 

Cam  Shaft 

Slight  pitting  on  2 lobes,  others  not  a problem,  normal  wear 

Cam  Thrust  Plate 

Slight  wear  around  outer  edges  - no  wear  on  inner  edge 

Tappets 

Some  very  slight  pitting  to  match  cam 

Head  Gasket 

Good,  no  leakage,  no  coolant,  no  blow  across 

Block 

Mam  Bearings 

Very  good,  no  wear 

Crankshaft 

Slight  seep  of  oil  from  rear  mam,  slightly  more  than  front. 
Exceptionally  good  journal  condition,  slight  grooving  at  seals 

Pistons 

Clean,  some  deposits  on  top  land 

Rmgs 

Top 

Even  wear  in  center,  no  contact  on  edges,  10%  each 

25%  face  contact,  clean 

Oil 

No  apparent  wear 

Piston  pins 

No  wear,  normal 

Liners 

Honing  marks  apparent  throughout,  slight  deposit  on  top  land  area 

Rods 

Rod  Bushings 

Normal  to  no  wear 

Rod  Bearings 

Still  within  specs  for  reuse  guidelines,  but  do  show’  more  than  normal 
marking  - somewhat  like  what  is  seen  when  coolant  gets  in  the  oil 

Pumps 

Lube  Pump 

Some  wear,  normal 

Fuel  Lift  Pump 

Rust  on  strainer  bolt,  slight  sediment  on  screen 

Damper 

Normal 

Seals 

Front  Crank  Seal 

Normal  to  less  seepage  than  normal 

Rear  Crank  Seal 

Normal  to  some  seepage  from  rear  main 

Injection  Pump 

1 

i 

#6  had  heavy  engine  oil  surrounding  the  lower  end  indicatmg  leakage 
between  the  governor  and  the  pump. 

#1  had  a bad  upper  o-ring.  In  removing  the  other  barrels,  no  other 
bad  o-ring  was  found. 

All  have  a slight  rusting  of  the  barrel. 

Exhaust  Manifold 

j Turbo 

Good,  no  excess  end  play,  tight 
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Appendix  F 

Bosch  Fuel  Pump  Evaluation 
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BOSCH 


DEVELOPMENT  REPORT 


REPORT  NO. 

98/40/3033 


To  UO/EHD 


ma/x  confidential  if  necessary 


PROJECT  NO. 

5 UP/0904/00 


Oistrbunon 

UO/EHD  1 
UO/QAWl 
UO/SAM6 


PRODUCT:  P7100  + RQVK 
CUSTOMER;  All /P7 100 
YEARJQTR:  98/111 


Subject: 


KEYWORDS 
Field  Test 

Rapeseed  Ethyl  Esters 


K5EAV4-Si."ton 


Evaluation  of  field  test  pumps. 


Ki/ERR2-Schneider 


K5/EMF3-Grieshaber 

K5/ERR2-Falci 


Scope: 

The  below  listed  pump  was  run  for  92,838  miles  using  an  alternative  fuel  source  called  Rapeseed  Ethyl 
Esters  (REE),  see  attachment  1 for  fuel  specific  propenies. 


Pages; 

Enclosures: 


Engineer 

V.  Fabis 


Date  / SiQi^ 

/ 

/ 

Tel.  Ext.  5697 


Check  ad: 

°4K.l9r: 

Report  copy 
to  customer 

Yes/No 


Dev.  Dept.: 

Date  / Sign. 


•Pump:  0 402  736  841  Pump  SN:  46900  02018 

- Application;  1995  Dodge  ’/<  ton  pick*up  truck 
• Engine:  Cummins  5.9L  turbo  Diesel  - 175HP  (§  2500  ERPM 

Evaluation: 

The  pump  in  as  received  condition  had  one  of  the  base  plugs  damaged.  The  pump  was  not  run  as 
received  only  disassembled  and  inspected.  The  damage  to  the  base  was  done  after  the  pump  was 
removed  from  the  engine,  jiot  as  a result  of  a pump  failure. 

Visual  inspection  of  pump  hvdraulic  components: 

- Elements:  All  plungers  show  some  fuel  deposits.  See  attachment  2 for  photos. 

All  moved  freely  in  the  barrels. 

No  cavitation  or  erosion  on  any  of  the  elements. 

- Delivery  halves:  All  valves  moved  freely  in  valve  bodies. 

Some  fuel  deposits  on  the  valves. 

No  cavitation  on  delivery  valves. 

- [delivery  Valve  Springs:  All  springs  were  measured  and  found  to  be  within  spiccification. 

No  fuel  deposits  found  on  springs. 

- Delivery  Valve  Holders:  All  snubber  valves  are  functioning. 

Hydraulic  flow  was  not  checked. 

No  fuel  deposits  in  DVH. 

- Barrel  0-rings:  Cylinder  1 lower  bane)  o-rings  are  damaged.  See  attachment  3 and  4 for  photos. 

The  bottom  banel  o-ring  damage  is  most  likely  from  assembly. 

All  ocher  o-rings  are  visually  in  good  condition. 

- Nozzle  Holder  Assemblies:  See  report  98/43/3034  for  detailed  analysis. 

->•  Visual  Inspeaion  of  Pumo  Components: 

- Camshaft:  Very  good  condition,  polish  marks  on  lobes. 

- Bearings:  Very  good  condition 

- Roller  Uppets;  Very  good  condition,  polishing  on  rollers  and  roller  pins. 

- Pump  housing:  No  erosion  in  the  barrel  bores. 

- Overflow  valve:  Valve  opening  pressure  is  1 .4  bar  (spec.  1 .5±  0.3  bar). 

Spring  shows  minor  wear  on  O.D. 

-*•  Visual  Inspection  of  Governor  Components: 

- All  governor  components  are  in  good  condition  and  show  no  wear. 


All  roovM  V,  kOkSkT  BOSCH  COkTOkATlOH.  rntMA-i  njfm 


Thtf  lafarwaiw  My  m»  b«  |iv«a  i 
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REPORT  MO. 

98/40/3033 

BOSCH  @ 

DEVELOPMENT  REPORT 

Page  2 of  2 

Conclusion: 

• The  damage  to  ihc  barrel  o-rings  on  cylinder  1 appears  to  be  from  assembly  All  the  o-rings  will  be  sent  for  complete 
matenal  analysis. 

• The  fuel  deposits  on  the  plungers  are  not  severe  enough  to  cause  stickiness.  Further  testing  needs  to  be  done  to  insure  fuel 
deposit  will  not  get  worse  as  higher  mileages  are  actjicved. 

• The  pump  components  showed  minimal  wear  using  this  fuel.  However,  actual  full  load  endurance  test  and  high  mileage 
field  t'St  (over  300K  miles)  would  give  a bencr  indication  of  long  term  affects  with  Rapeseed  Ethyl  Esters  fuel. 

Recommendation: 

• The  o-rings  will  be  sent  to  Ki/ERR2-Falci  for  material  evaluation. 

• The  pump  will  be  reassembled  / recalibrated  and  returned  to  Technology  and  Engineering  Management  / Biomass  Energy 
Systems. 


Dale 


/‘Y  S<r/^ 


All  r\gAn  ^ iO$CM  COA/OHATION.  rrhnr^  nfln  of  rwu«rts««  TW  imiofmama  m$r  ■»  b*  m weUogt  atm  exprmi  mnmrm  odmm 
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Fuel  Deposits  on  Plungers 

Pump:  0 402  736  841,  SN:  46900  02018 

Date:  08  Sep  98 


Attachment  2 

@ BOSCH 
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Cylinder  1 barre  o-ring:  1 410  210  014 
Pump:  0 402  73£  841,  SN:  46900  02018 

Date:  08  Sep  98 


Attachment  3 

@ BOSCH 
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Cylinder  1 lower  barrel  o-ring:  1 410  210  014 
Pump:  0 402  736  841,  SN:  46900  02018 

Date:  14  Sep  98 


Attachment  4 

@ BOSCH 
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BOSCH  @ 

DEVELOPMENT  REPORT 

REPORT  NO. 
98/43/3034 

To  UO/EHD 

mark  corrhderUiai  if  r^ecessary 

PROJECT  NO. 

5UP/0904/00 

Distnbution 

PRODUa:  NHA 

KEYWORDS 

UO/EHD  1 

CUSTOMER;  All /P7 100 

Field  Test 

YEARiQTR;  98/III 

Rapeseed  Ethyl  Esters 

UO/QAWl 

UO/SAM6 

Subject: 

K5EAV4-Simon 

iC5/ERR2-Schneider 

Evaluation  of  field  test  nozzle  holder  assemblies. 

K5/EMF3-Grieshaber 

Scope: 

K5/ERR2-Falci 

The  below  listed  NHAs  was  run  for  92,838  miles  using  an  alternative  fuel  source  called  Rapeseed 

Ethyl  Esters  (REE),  see  attachment  1 for  fuel  specific  propenies. 

• NHA : 0 432  133  860  Nozzle 

DSLA145P464,  0 433  175  078 

•Pump:  0 402  736  841  Pump  SN:  4690002018 

Pages: 

Enclosures: 

• Application:  1 995  Dodge  Vi  ton  pick-up  truck 

• Engine:  Cummins  5.9L  turbo  Diesel  - 175HP  @ 2500  ERPM 

Evaluation: 

Er>gir»e«r 

V.  Fabis 

-r  See  Report  98/40/3033  for  pump  analysis. 

Nozzle  opening  pressure  was  checked  in  as  received  condition.  VOP  ranged  from  239-248  bar, 

Date  . / Sign 

(setting  spec.  260  10  bar).  See  attachment  2 for  actual  values.  All  spray  holes  were  open. 

/ 

/ 

-t-  Nozzle  hydraulic  flow  was  checked  in  as  received  condition.  Flow  ranged  from  642-661  cc/30  sec. 

(manufacturing  spec.  6 1 8-662  coGOsec.).  See  attachment  2 for  actual  values. 

Tel  Ext  5697 

+ Visual  Insoection 

- The  nozzles  have  some  carbon  deposits  around  the  holes.  See  attachment  3 for  photo. 

Chadied:  _ 

- Needle  seat  area.  Mmor  polishing 

- Needle  guide:  Minor  polishing 

- Pressure  spring;  Wear  marks  on  shim  end. 

fj 

Date  f / 

- Pressure  shims:  Wear  marks  on  spring  end.No  fuel  deposits  seen  on  mtemal  parts. 

- No  fuel  deposits  seen  on  internal  parts. 

Report  copy 

Conclusion: 

to  customer 

• The  opening  pressure  drop  is  normal  for  this  mileage  range. 

Yes/No 

* There  is  no  abnormal  wear  on  any  of  the  components.  However,  actual  full  load  endurance  test  and 

high  mileage  field  test  (over  300K  miles)  would  give  a better  indication  of  long  term  affects  with 

Dev.  Dept.: 

Rapeseed  Ethyl  Esters  fuel. 

• The  carbon  build  up  on  the  nozzles  has  not  affected  the  spray  holes  at  this  time.  This  will  need  to  be 

Date  / Sign. 

further  evaluated  on  high  mileage  samples  to  insure  it  does  not  worsen  and  cause  nozzle  hole 

^/ZS-/ 

plugging. 

'^XaX. 

Recommendation: 

The  nozzle  holder  assemblies  will  be  reassembled  / reset  and  returned  to  Technology  and  engineenng 

Management  / Biomass  Energy. 

Ail  nfAa  rocrvtd  by  ICOBEKT  BOSCH  COB^OAAHON.  rrrhrtfTH  nfiu>  ^iplirinrM  bmI  Tkx%  tiUcrmiuom  auy  no*  be  ftvro  <o  ikird  pn*ti«i  wKhooi  upmt  wtocB  cookw 
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lJ0/EDI3-r  0327  SHEET  I OF  2 


BOSCH 


NOZZLE  TEST  SHEET 


rrtUJtCI 

/. 


NOZZLE  DESIGNATION: MtJ)  L /T  7 Fr  060 

NOZZLE  drawing  ^ RBUO^ R8 


TEST  NOZZLE  HOLDER:  TEST  BENCH  STANDARD  S-ITTPE  Y 430  HOO  230  n 

K]>AL  5' 3 F C hf^i)  ^^3  "AC  S2?3  y 430  hoo  252  q 

‘L  ■'  NEEDLE  LIFT  Y 430  SCO  OSS  □ 

: 


ENGINE  N.- HOLDER 


S AC HOLE: 


DIA.  X 


.LENGTH  CMM] 


SACHOLE  CONFIGURATION:  CYLI N ORI  CAL  Q , TA  PERED  Q ,SACLESS  Q 

VALVE  TO  SEAT  RATIO:_ x [MM] 

NEEDLE  UFT: [MM] 


NEEDLE  CLEARANCE: 


ROTA  [L/hJ 


NOZZLE 

NUMBER 

LOCATION  OF  SPRAY  HOLES  < V AND  r 

HYOR.  rU3W  WITX 
N £E3LEAT  SPECUFT 
’OSEAIOaeARLCClj 

ROTA 

FU>V 

0-/1:] 

1 

2 

3 t 4 

5 

• s 

7 

6 

. 9 

10  . 

I 

mm 

) 

H 

fifd\ 

V 

n?\ 

1 1 

Z 

H 

1 1 

&u 

V 

1 1 

- 3 

H 

HY])RAULIC  FLOW  SPEC 6 H.. 

/ 

V 

H 

i 

VI 

HI 

VI 

h| 

L,io 

M 1 

H 

1 

V 

1 

H 

i 

] 

LL 

i 

1 

\ 

NOZZLE 


OPBNIH^  Pf^£55UKE  bo.r 


NUMBER 

1 1 2 

3 

A 1 5 

6 1 7 1 8 

9 

10  1 

' 

1 

1 i 

z 

\23>3 

— 

i 

1 1 

. 3 

■ 

SPEC  2^0.. .270  bar 

r 1 1 1 t 1 

_ ^ 

5" 

FW 

1 

1 

^ 

1 

1 - 

— T- 

1 

1 

1 

— 

1 

111 

BAROM.  PRESJ 
ROOM  TEMP.: 

WORK  ORDER  NQ : 

Tvr  f//f/9f 

TESTER  (^ATc 
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Cylinders  nozzle:  DSLA  145P464 
Pump:  0 402  736  841,  SN:  46900  02018 

Date:  15  Sep  98 


Attachment  3 

# BOSCH 
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Appendix  G 

Pacific  Northwest  and  Alaska 
Regional  Biomass  Energy  Program 
Montana  Project  Summary  Sheet 
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Truck  in  the  Park  Project 
March  20,  2002,  Page  161  of  6 

Pacific  Regional  Biomass  Energy  Program 
Montana  Project  Summary  Sheet 

1 . Title:  Pilot  Demonstration  of  Biodiesel  in  Tourism-Related  Transportation:  A Truck 
in  the  Park 

2.  Brief  Description:  DEQ  is  spearheading  a project  to  demonstrate  biodiesel  use  in 
Yellowstone  National  Park  (YNP).  With  visitation  increasing  yearly,  there  is  a need  for 
more  efficient  transportation,  such  as  buses,  and  reduced  pollution,  odors,  and  smoke 
caused  by  tourism  transportation.  Rapeseed  ethyl  ester  (REE)  could  be  at  least  part  of  the 
remedy  for  pollution  generated  by  motor  vehicles  in  Yellowstone.  REE  is  produced  from 
rapeseed  oil  reacted  with  ethanol  that  is  made  from  potato  waste  generated  by  the  food 
processing  industry.  Yellowstone  offers  an  opportunity  to  demonstrate  this  low  emission, 
biodegradable  fuel  in  an  environmentally  sensitive  and  extremely  cold  area.  Such  areas 
may  prove  to  be  a near-term  niche  market  for  this  and  similar  bio-based  fuels. 

3.  Grantee:  Montana  Department  of  Environmental  Quality,  Pollution  Prevention  Bureau, 
1520  East  Sixth  Avenue,  P.  O.  Box  200901,  Helena,  MT  59620-0901. 

Contact:  Howard  E.  Haines,  Bioenergy  Engineering  Specialist  Phone  406-444-6773,  FAX 
406-444-6836,  Email  hhaines(^ state. mt.us  web  site  http://\\^  w.deq. state. mt.us/bioenergv 

4.  Project  Manager:  Jeffrey  W.  James,  Program  Manager,  ieffrev.iames@hq.doe.qov 
U.  S.  Department  of  Energy  Seattle  Regional  Office,  800  Fifth  Avenue,  Suite  3950, 

Seattle,  WA  981 04  Phone  206-553-2079,  FAX  206-553-2200  Identification  No;  DE-FG51- 

94R020493,  DEQ  CNo.  780006  formerly  EDG-  95-7562,  file  TiPP.100 

5.  Estimated  total  cost:  $344,294  DOE  Regional  Program  Funds:  $111,102 

6 Cost  Sharing  and  Project  Partners:  $233,619 

Montana  Department  of  Environmental  Quality  (DEQ):project  design  and  lead  ($53,000) 
U.  S.  Department  of  Interior,  National  Park  Service,  Yellowstone  National  Park  (NPS), 
truck  equipment,  lube  oil,  fuel  storage  facilities,  canola  ethyl  ester  (CEE)  and  operator  (in- 
kind)  + $35,419 

Wyoming  Department  of  Commerce,  Energy  Office,  emissions  testing  ($30,000) 

Dodge  Truck  of  Chrysler  Corporation  [vehicle  + technical  oversight  + in-kind] 

Cummins  Engine  Company  (engine  + technical  support) 

Cummins  Intermountain  Distributor,  Pocatello  ID 

J.R.  Simplot  Company,  Boise,  ID  (ethanol  and  catalyst  for  biodiesel) 

Koch  Agricultural  Services  Company,  Great  Falls,  MT  [rapeseed  oil  + shipping) 

Tractor  & Equipment  Company  (T  & E),  Billings,  Montana  [performance  testing) 
University  of  Idaho  (Ul),  Agricultural  Engineering  Department,  (fuel,  emissions, 
performance  test  analysis,  reduced  indirect) 

McGreggor  Company  [biodiesel  and  feedstock  storage] 

University  of  California,  Davis,  Environmental  Toxicology  Department  [PAH  evaluation] 

7.  Expanded  Description:  The  “Truck  in  the  Park”  Project  was  designed  with  two  purposes; 
to  define  a market  for  biodiesel  and  to  provide  data  on  emissions  and  performance  that 
could  be  used  by  land  managers,  regulators,  and  providers  of  commercial  tourism 
transportation.  This  project  was  a first-step  to  reduce  environmental  impacts  resulting 
from  diesel  fuel  use  in  the  tourism  industry.  The  Montana  Department  of  Environmental 
Quality  (DEQ,  successor  to  the  Department  of  Natural  Resources  and  Conservation)  in 
cooperation  with  the  National  Park  Service  (NPS)  and  Dodge  Truck  Division  of  the 
Chrysler  Corporation  operated  a 1995  ton  4x4  diesel  truck  fueled  by  100  percent 
rapeseed  ethyl  ester  produced  by  the  University  of  Idaho  (Ul)  and  private  cooperators. 
Basically,  the  project  placed  an  unaltered  diesel  pickup  truck  into  service  in  Yellowstone 
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National  Park,  fueled  this  truck  with  100  percent  rapeseed  ethyl  ester,  and  monitored 
performance  and  emissions.  Data  were  collected  to  determine  the  reliability,  benefits,  and 
costs  of  using  biodiesel  in  Yellowstone  National  Park  and  the  surrounding  region.  The 
project  included  fuel  characterization,  detailed  performance  and  emissions  tests  before 
and  after  (approximately)  149,408  km  (92,838  miles)  (using  EPA  protocols),  and  other 
quality  control  testing  to  document  benefits  and  costs. 

8.  Needs  Addressed:  Each  year  about  3 million  people  visit  Yellowstone  National  Park.  The 
nearly  900,000  automobiles  they  use  to  travel  to  the  Park  burn  thousands  of  gallons  of 
fuel  and  produce  tons  of  air  pollution,  endangering  the  clear  air  and  water  that  people 
expect  to  see  during  their  visit  to  the  Park.  The  air  in  the  Park  meets  EPA  air  standards, 
but  not  always  the  visitors’  expectations. 

With  visitation  increasing  steadily  over  the  last  several  decades,  concern  has  arisen  because 
of  increasing  congestion  on  park  roads  and  the  threat  of  increased  pollution.  One  possible 
solution  is  to  limit  visitation,  an  option  not  likely  to  please  the  members  of  the  public  who  may 
not  be  able  to  arrange  their  visit  to  the  park  when  there  are  openings.  Limiting  visitation  also 
is  not  favored  by  park  concessionaires  or  economic  interests  in  communities  near 
Yellowstone. 

A more  desirable  choice  is  to  reduce  congestion  by  encouraging  use  of  high  occupancy 
vehicles,  such  as  buses,  and  by  reducing  the  amount  of  pollution  produced  by  each  vehicle. 
One  way  of  doing  this  is  to  use  fuel  that  produces  less  pollution  when  burned  in  a 
conventional  diesel  engine  and  has  exhaust  that  is  less  obnoxious  to  riders  and  visitors. 
Vegetable  oil  can  be  processed  into  a diesel  fuel--a  biodiesel--that  produces  less  pollution 
than  conventional  diesel  fuel.  Exhaust  emissions  from  these  biodiesels  smell  less  unpleasant 
than  conventional  diesel  exhaust.  Conventional  diesel  fuel  also  has  other  characteristics  that 
are  undesirable  in  areas  valued  for  environmental  cleanliness.  These  include  toxicity  and  low 
biodegradability.  Reformulated  diesel  fuel,  intended  to  meet  air  emission  requirements,  is  not 
enough  of  an  improvement  to  meet  the  requirements  of  places  like  Yellowstone. 

Rapeseed  ethyl  ester  (REE)  biofuel  is  a regional  development  by  the  University  of  Idaho  (Ul) 
from  resources  in  Montana  and  Idaho.  Ul  research  has  shown  that  REE  has  increased 
biodegradability  and  reduced  emissions,  odor,  and  smoke  compared  to  petroleum  diesel  fuel. 
REE  is  at  the  stage  of  development  where  a higher  value  market,  such  as  this  tourist-related 
application,  is  the  next  logical  step  on  the  way  to  commercialization. 

9.  Project  Objectives: 

• Assist  NPS  and  private  industry  develop  options  for  reducing  environmental  degradation  without 
adversely  impacting  visitation  and  associated  industries; 

• Support  development  of  a process  to  convert  food  processing  waste  oil  to  an  environmentally 
friendly  transportation  fuel,  reducing  both  dependence  upon  imported  petroleum  and  the  impact 
on  the  environment; 

• Encourage  the  development,  production,  and  use  of  this  biofuel  within  the  region; 

• Make  the  first  step  toward  use  of  low  odor,  low  smoke  fuels  for  tourism  leading  to  use  in  buses; 

• Determine  the  impacts,  benefits,  and  results  from  using  biodiesel  under  variable  conditions 
including  high  elevations  and  low  temperatures;  and 

• Link  the  tourism  industry  with  agriculture  and  energy. 

Approach:  To  help  commercialize  REE,  this  project:  1.  Introduces  public  and  private  operators  to 
rapeseed  ethyl  ester  biodiesel  as  an  alternate  fuel  or  blend  with  regular  diesel  in  environmentally 
sensitive  applications;  2.  Develops  data  to  support  decisions  regarding  these  fuels  in  areas  with 
economies  based  on  tourism,  such  as  YNP. 
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To  accomplish  this,  the  National  Park  Service  operates  a 1995  Dodge  3/4  ton  4X4  pickup  with  5 9 
liter  Cummins  diesel  engine,  supplied  by  Dodge  Truck.  The  truck  runs  under  normal  operating 
conditions  as  a maintenance  inspection  vehicle  in  YNP.  No  modifications  are  made  to  the  truck's 
engine  or  fuel  system.  The  truck  uses  100  percent  REE  as  fuel  to  develop  data  for  warranty 
purposes.  The  demonstration  includes  normal  service  and  maintenance,  and  periodic  performance 
and  emissions  testing  to  determine  if  there  is  any  degradation  in  emissions  or  performance  caused 
by  the  fuel.  Initial  tests  were  conducted  to  determine  the  safety  of  the  fuel  and  its  use  relative  to  the 
area's  wildlife. 

This  project  is  in  an  area  that  brings  humans  and  wildlife  such  as  bears  into  close  proximity.  REE  is 
a vegetable  oil  derivative  that  smells  similar  to  oil  used  in  cooking  food.  The  exhaust  from  a diesel 
engine  fueled  by  REE  smells  like  a French  fry  cooker,  and  may  attract  bears  if  the  bears  in  the  area 
connect  the  scent  to  a food  reward.  Attracting  bears  to  vehicles  operated  by  humans  should  be 
avoided.  A bear  attractant  analysis  was  conducted,  first  to  determine  if  bears  are  attracted  by  the 
scent  of  biodiesel  more  so  than  they  are  to  regular  petroleum  products,  and  second  to  identify  if  a 
blend  of  petroleum  diesel  with  biodiesel  reduced  the  attraction.  These  data  were  needed  for  other 
users  located  in  environmentally  sensitive  applications.  The  demonstration  concluded  with  a detailed 
emissions  test  followed  by  disassembly  and  inspection  of  the  engine  andlow  pressure  fuel  systems 
by  Cummins  Intermountain  Distributor  and  Bosch. 

11.  Major  Milestones:  Term,  October  15,  1994  through  December  30,  1998 
Bear  attractant  analysis  (completed  March  1995,  report  November  1995) 

Establish  dedicated  biodiesel  fueling  station  at  YNP  (12/5/94) 

Vehicle  acquisition  and  preparation  (Delivered  2/7/95,  markings  3/10/95) 

Biodiesel  fuel  delivery,  operational  demonstration  (4/15/95  to  11/30/96) 

Engine  oil  analysis  (every  change) 

Engine  performance  analysis  (start,  middle,  and  end  of  each  year,  3/7  & 8/17/95) 

Emissions  tests  (Dynamometer  Transient  Conditions  Emission  Tests  3/20-24/95  and  5/26- 
29/98) 

Engine  disassembly  and  inspection,  Cummins  Engine  Company,  July  1998. 

Reporting,  information  transfer,  presentations,  January,  2000. 

12.  Results:  (Also  see  item  11.  Major  Milestones,  above) 

Abstract 

The  “T ruck  in  the  Park”  Project  was  designed  with  two  purposes:  to  define  a market  for  biodiesel  and 
to  provide  data  on  emissions  and  performance  that  could  be  used  by  land  managers,  regulators,  and 
providers  of  commercial  tourism  transportation.  This  project  was  a first-step  to  reduce  environmental 
impacts  resulting  from  diesel  fuel  use  in  the  tourism  industry.  The  project  placed  an  unaltered  diesel 
pickup  truck  into  service  in  Yellowstone  National  Park,  fueled  this  truck  with  100  percent  rapeseed 
ethyl  ester,  and  monitored  performance  and  emissions.  Data  were  collected  to  determine  the 
reliability,  benefits,  and  costs  of  using  biodiesel  in  Yellowstone  National  Park  and  the  surrounding 
region.  The  project  included  fuel  characterization,  detailed  performance  and  emissions  tests  before 
and  after  (approximately)  149,408  km  (92,838  miles)  (using  EPA  protocols),  and  other  quality  control 
testing  to  document  benefits  and  costs.  The  technical  data  and  results  of  this  demonstration  are 
documented  in  a number  of  papers  listed  below.  This  demonstration  showed  that; 

1.  The  effects  of  biodiesel  on  criteria  emissions  with  and  without  the  catalytic  converter  were 
unaffected  over  the  course  of  time,  and  that  no  new  compounds  are  generated  in  blends  of 
biodiesel  with  conventional  diesel.  Air  toxics  are  significantly  reduced  by  increasing  the  amount 
of  biodiesel  in  a blend.  Overall,  hydrocarbons,  carbon  monoxide  were  reduced  by  the  use  of 
biodiesel.  Oxides  of  nitrogen  were  either  slightly  reduced  or  unaffected  by  the  use  of  100  percent 
biodiesel,  and  particulate  matter  was  slightly  increased  or  unaffected; 

2.  The  project  developed  data  for  use  in  modeling  air  quality  so  the  impacts  can  be  assessed  before 
a large  scale  conversion  is  implemented; 

3.  Biodiesel  or  a blend  may  be  the  fuel  of  choice  for  restricted  or  poor  air  dispersion  conditions. 
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Tests  also  showed  that  the  sweet  odor  of  biodiesel  exhaust  does  not  attract  bears,  which  was  a 
concern  to  Park  and  land  management  officials. 

4.  Operation  during  six  Yellowstone  winters  showed  that  normal  cold-weather  diesel  modifications 
were  sufficient  to  enable  use  of  biodiesel  in  cold  weather  operations.  These  included  engine 
coolant,  an  engine  block  heater,  battery  heaters,  an  external  (electric,  magnetic)  fuel  tank  heater, 
and  a heating  loop  to  the  slip  tank.  The  truck  failed  to  run  on  only  one  occasion  with  a daytime 
temperature  of  -38. 3E  C (-37EF),  a time  when  most  things  were  only  running  for  cover). 
However,  biodiesel  in  Europe  does  use  a biodegradable  cold  flow  plug  point  additive  for  cold 
climate  operations.  If  a problem  occurred,  the  remedy  would  be  to  add  No.  1 diesel. 

5.  The  benefits  of  biodiesel  include  reduced  toxicity,  emissions,  smoke,  unpleasant  odor,  and 
increased  safety  and  biodegradability.  Two  challenges  yetremain:  availability  and  cost.  For  this 
project,  the  refueling  infrastructure  and  availability  was  carried  in  the  bed  of  the  truck,  somewhat 
reducing  the  truck’s  usefulness  for  work.  The  cost  factor  was  overcome  in  part  by  the  generous 
contributions  from  our  many  sponsors. 

Commonly  Asked  Questions  at  Truck  Demonstrations; 

1 . What  was  modified  to  enable  the  truck  to  use  biodiesel? 

No  modifications  were  made  to  the  engine  or  low-pressure  fuel  system — it  is  stock.  A quick 
disconnect  was  added  to  the  fuel  line  for  emissions  test  purposes.  An  in-bed  fuel  tank  was  added  to 
extend  the  range  to  about  6,000  miles,  also  for  the  trip  for  emissions  testing  in  Los  Angeles, 
California. 

2.  What  was  the  mileage? 

During  Phase  1,  the  ^>4  ton  4X4  Dodge  truck  averaged  17.3  miles  per  gallon  under  load  for  the  first 
92,000  miles,  or  about  1 mile  per  gallon  lower  than  with  conventional  diesel.  The  engine  was  torn 
down  and  inspected  to  determine  that  durability  was  equivalent  or  better  than  petroleum  diesel  fuel. 

3.  How  did  the  truck  perform,  including  power,  compared  to  petroleum  diesel? 

A survey  of  operators  reported  that  the  truck  performed  as  any  diesel  truck,  except  the  odor  was 
better.  The  truck  had  regular  chassis  dynamometer  tests  that  did  not  show  any  loss  in  power  over 
time.  Biodiesel  has  a lower  energy  content  (BTUs  per  pound)  but  higher  density  (more  pounds  per 
gallon)  than  conventional  diesel  fuel.  The  loss  in  peak  power  was  measured  to  average  +/-7  percent. 

4.  Does  the  fuel  attract  bears? 

A study  conducted  by  the  National  Park  Service,  Montana  Department  of  Environmental  Quality, 
University  of  Idaho,  and  Washington  State  University  showed  that  biodiesel  was  no  greater  an 
attractant  for  bears  than  conventional  diesel  fuel. 

5.  What  was  the  yield  of  fuel  per  acre? 

For  rapeseed,  about  100  gallons  per  acre,  net,  and  with  canola,  about  110  gallons  per  acre. 

6.  How  much  did/does  biodiesel  cost? 

For  the  small  batch  process  used  in  this  project,  and  including  all  the  emissions  testing,  the  fuel  would 
have  cost  $7.50  per  gallon.  Commercial  scale  production  would  reduce  that  amount  to  between  $1 ,35 
to  $2.00  per  gallon.  A January  2002  comparison  (bid)  FOB  the  blend  site  (Bozeman,  Montana)  was 
$900  per  1,000  gallons  for  conventional  diesel  and  $944  for  B-20,  before  taxes  and  delivery. 

7.  Where  can  the  public  buy  biodiesel? 

Biodiesel  is  widely  used  in  Europe.  As  of  this  writing.  Sparks,  NV  and  St.  Louis,  MO  have  public  B20 
refueling  stations.  B-20  is  used  in  the  administrative  fleet  in  Yellowstone  National  Park,  with  plans  to 
expand  to  public  service  stations  in  the  next  several  years. 

Table  1 . Summary  of  emissions  reductions  of  biodiesel  compared  to  2D  low-sulfur  diesel  from 

FTP  chassis  and  engine  dynamometer  testing 


Fuel 

2D 

B20 

B100 

Carbon  monoxide 

100% 

-16  to  -18% 

-35  to  -45% 

Unburned  hydrocarbons 

100% 

-17  to  -23% 

-32  to  -74% 

Particulate  matter  (PM-10) 

100% 

-10  to  5% 

-50  to  11% 

Oxides  of  nitrogen  (NOx) 

100% 

-4  to  -8% 

-5  to  9% 

Smoke 

100% 

-47% 

-54  to  -78% 
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Status;  Fror  i February  7,  1 995  to  March  20,  2002,  the  National  Park  Service  at  Yellowstone  National 
Park  operat-  d the  first  alternate  fueled  vehicle  for  135,135  miles  fueled  by  100  percent  rapeseed  ethyl 
ester  biodie  el.  The  first  phase  of  the  project  successfully  determined  measures  to  operate  in  cold 
climates.  Di  ing  its  tenure  at  Yellowstone,  the  truck  was  used  for  a number  of  demonstrations  starting 
with  one  at  ;he  Montana  Legislature  in  May  1995,  and  including  appearances  at  Bioenergy  96  in 
Nashville  T annessee,  a number  of  wildfire  schools,  national  Park  Service  maintenance  meetings  in 
Reno,  NV,  r nd  Big  Sky,  MT,  and  Montana  Ethanol  Conferences.  Theinitial  grant  was  funded  in  May 
1994  by  the  Department  of  Energy,  the  Montana  Department  of  Natural  Resources  and  Conservation, 
and  others  The  project  was  submitted  in  response  to  a request  for  proposal  submitted  by  the 
Montana  D partment  of  Natural  Resources  and  Conservation  Energy  Division,  which  has  become 
part  of  the  lontana  Department  of  Environmental  Quality.  As  a result  of  this  project  and  the  recent 
Greenin^  c Yellowstone  Workshop,  the  Park  Service  is  expanding  the  use  of  biodiesel  in  its  fleet  and 
through  ut  20  million  acres  of  the  greater  Yellowstone  region.  By  October  2000,  three  MCI  buses 
were  cc  ivirted  to  run  on  B20,  a blend  of  20  percent  biodiesel  with  80  percent  conventional  diesel. 
The  buse  had  been  donated  to  Yellowstone  National  Park  from  the  Idaho  National  Engineering  and 
Environme  ntal  Laboratory  (INEEL)  in  Idaho  Falls  for  the  Rideshare  Program  and  the  VIP  bus.  By 
May  2001  all  seven  packer  garbage  trucks  in  Yellowstone  are  running  on  B20.  On  June  14,  2001 
a meetnc  was  held  at  Old  Faithful  to  coordinate  the  region’s  deployment  of  B20  in  a number  of  fleets 
represent  ng  roughly  700  vehicles  and  1.3  million  gallons  of  diesel  fuel.  On  June  18,  the  council  of 
the  Tov^r  of  Jackson,  Wyoming,  voted  to  use  B20  in  their  bus  fleet  as  practical,  at  least  during  the 
summer  lonths.  The  fleet  manager  of  many  of  the  surrounding  national  forests  (Bridger-Teton, 
Caribou-'  arghee,  Salmon-Challis)  is  converting  the  diesel  fleets  to  biodiesel  and  B20  because  other 
technolo(  ies  like  CNG  and  E85  are  not  available  to  the  engines  used. 

Awards: 

U.  S.  Envi-  inmental  Protection  Agency  EPA  Region  VIII.  Outstanding  Achievement  Award  to  DEQ  for  Teamwork  and 
Environme  tal  Stewardship  in  Yellowstone  Nation  Park  as  exemplified  by  the  Snowmobile  and  Truck  in  the  Park  Teams, 
August  27  1996. 

National  Park  Foundation  2001  National  Park  Partnership  Award  Honorable  Mention  for 
Environr  ental  Conservation,  April  22,  2001,  Washington,  D.  C. 
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